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Abstract

Zeolites are crystalline microporous tectosilicates with acidic properties. The pore sizes of molecular
dimensions restrict molecules from entering/exiting the pores based on the molecule size and
geometry, or formation of certain (bulky) transition states within the pores. Accordingly, zeolites have
become vital industrial catalysts, adsorbents and ion-exchangers. Zeolites are commonly synthesised
by hydrothermal crystallization. However, this method provides only limited control over their crystal
structure, morphology, or location of active sites within the framework. Some of these limitations can
be overcome using an alternative synthetic method; the Assembly-Disassembly-Organisation-
Reassembly (ADOR). The ADOR transforms a parent (germanosilicate) zeolite into a layered precursor
and subsequently uses the layers as building blocks for a new zeolite framework. We aimed to develop
methodology to control the crystal morphology of germanosilicate zeolite UTL (Assembly), determine
the mechanism of the UTL hydrolysis (Disassembly), and to reconstruct the parent UTL zeolite from
the ICP-1P layered material (Organisation and Reassembly) since the traditional ADOR yields zeolites
of smaller channel size but the parent UTL.

We found the UTL crystal morphology progressively varies the Si/Ge molar ratio of the zeolite.
Increase in the Si/Ge ratio from 0.79 to 12.8 resulted in enhanced crystal size along crystallographic
g-axis (perpendicular to the two-dimensional pore system) from 0.17 um to 5.39 um. From
comparison with IWW zeolite (exhibiting similar behaviour) we deduced that large cavities or building
units along respective directions are crucial factor in the crystal which can be tuned by changing the
Si/Ge ratio.

The mechanism of the UTL hydrolysis was studied using water-vapour adsorption. The experiments
provided type V isotherms with wide hysteresis loops bellow relative pressure p/po = 0.35 and with
significant amount of irreversibly bound water after the adsorption-desorption cycle. We discovered
that first, a small amount of water adsorbs reversibly at small relative pressures (p/po < 0.3), followed
by partially irreversible adsorption at higher relative pressures which induces structural changes to
the zeolite framework due to the hydrolysis of labile Ge-O bonds. Germanium-rich UTL zeolites
(Si/Ge = 2.5 and 4.5) lost their crystallinity upon water adsorption while germanium-poor UTL zeolites
(Si/Ge = 18.5 and 53) retained the original structure. The germanium-rich UTL are susceptible to the
hydrolysis and, thus, suitable for the ADOR transformation, while the germanium-poor UTL are
hydrolysis-resistant. The critical Si/Ge = 8.5 corresponds to eight germanium atoms per unit cell of the
UTL framework.

The hydrolysis of UTL in water is complete within minutes making it difficult to recover intermediate
samples. We decelerated the hydrolysis by diluting the water with defined amount of alcohols which
enabled controlling the hydrolysis rate by changing the alcohol content in the solution. Solution of HCl
in ethanol also enabled slow disassembly of the UTL up to 20 days and additionally prevented
undesired germanium deposition onto the samples. We observed a gradual decrease of pore size
during the hydrolysis as follows: UTL (14-12R) — IPC-7 (14-12R & 12-10R) - OKO (12-10R) — IPC-6
(12-10R & 10-8R). Thus, the hydrolysis is a consecutive atom by atom leaching process.

Finally, we developed a method for converting the layered IPC-1P to the parent UTL zeolite by
increasing the interlayer distance via intercalation of tetrabutylammonium hydroxide and subsequent
reconstruction of the D4R units. The D4R reconstruction requires combination of silicon and



germanium sources or presence of fluoride anions. Alternatively, the UTL can be restored preformed
D4R in form of octamethylsilsesquioxane without the presence of germanium or fluorides. This
enabled preparation of high-silica UTL (Si/Ge = 481) which was hitherto not possible. The UTL
reconstruction also enables incorporation of catalytically active heteroelements, such as aluminium
up to Si/Al = 15 which cannot be achieved by the hydrothermal synthesis. These reconstructed Al-UTL
samples outperformed directly synthetized one in tetrahydropyranylation of 1-decanol model
reaction.

In summary, the thesis provides means to modify the crucial properties of a zeolite, including the
crystal morphology, hydrolytic stability, and concentration of active sites.



Abstrakt

Zeolity jsou krystalické mikroporézni tektosilikaty s kyselymi vlastnostmi. Velikosti pérQ, srovnatelné s
rozméry molekul, omezuji molekuldm vstup/vystup z péri na zéakladé velikosti a geometrie molekuly
nebo tvorbu urditych (objemnych) prechodovych stavl v pérech. Proto se zeolity staly klicovymi
pramyslovymi katalyzatory, adsorbenty a iontoménici. Zeolity se bézné syntetizuji hydrotermalni
krystalizaci. Tato metoda vSak poskytuje pouze omezenou kontrolu nad jejich krystalickou strukturou,
morfologii nebo umisténim aktivnich mist v krystalové mftizce. Nékterd z téchto omezeni lze prekonat
pomoci alternativni syntetické metody; Assembly-Disassembly-Organisation-Reassembly (ADOR).
ADOR transformuje matersky zeolit (germanosilikat) na vrstevnaty prekurzor a nasledné pouziva tyto
vrstvy jako stavebni kameny pro novou zeolitovou strukturu. Nasim cilem bylo vyvinout metodiku pro
kontrolu morfologie krystall germanosilikatového zeolitu UTL (Assembly), uréit mechanismus
hydrolyzy UTL (Disassembly) a rekonstruovat matersky zeolit UTL z vrstveného materidlu ICP-1P
(Organisation and Reassembly), jelikoZ tradi¢ni ADOR poskytuje pouze zeolity mensi velikosti kanalu
neZ matersky UTL.

Pozorovali jsme, ze morfologie krystall UTL se progresivné méni s molarnim pomérem Si/Ge zeolitu.
Zvyseni poméru Si/Ge z 0,79 na 12,8 mélo za nasledek zvyseni velikosti krystalu podél krystalografické
osy a (kolmé na dvourozmérny systém pérd) z 0,17 um na 5,39 um. Ze srovnani se zeolitem IWW
(vykazujicim podobné chovani) jsme vyvodili, Ze velké dutiny nebo stavebni jednotky v pfislusnych
smérech jsou rozhodujicim faktorem pro morfologii krystalu, ktery Ize vyladit zménou poméru Si/Ge.

Mechanismus hydrolyzy UTL byl studovan pomoci adsorpce vodnich par. Experimenty poskytly
izotermy typu V se Sirokymi hystereznimi smyckami od relativniho tlaku p/po = 0,35 a s vyznamnym
mnozstvim ireverzibilné vdzané vody po adsorpénim a desorpénim cyklu. Zjistili jsme, Ze nejprve se pfi
malych relativnich tlacich (p/po < 0,3) reverzibilné adsorbuje malé mnozstvi vody, nasledované
Castecné nevratnou adsorpci pfi vysSich relativnich tlacich, ktera indukuje strukturni zmény ve
struktufe zeolitu v ddsledku hydrolyzy labilnich Ge-O vazeb. Zeolity UTL bohaté na germanium
(Si/Ge = 2,5 a 4,5) ztratily svou krystalinitu pfi adsorpci vody, zatimco zeolity chudé na germanium
(Si/Ge = 18,5 a 53) si zachovaly plvodni strukturu. UTL bohaté na germanium jsou citlivé na hydrolyzu,
a tudiz vhodné pro transformaci ADOR, zatimco UTL s nizkym obsahem germania jsou odolné vici
hydrolyze. Kriticky pomér Si/Ge = 8,5 odpovida osmi atomUm germania na zakladni buriku krystalické
mfizky UTL.

Hydrolyza UTL ve vodé je obvykle kompletni béhem nékolika minut, coz komplikuje izolaci
intermediatd. Hydrolyzu jsme zpomalili zfedénim vody definovanym mnoZstvim alkoholl, coz
umoznilo regulovat rychlost hydrolyzy zménou obsahu alkoholu v roztoku. Roztok HCl v etanolu také
umoznil pomalou hydrolyzu UTL aZ na dobu 20 dnl a dodatec¢né zabranil nezddoucimu usazovani
germania ve vzorcich. BEhem hydrolyzy jsme pozorovali postupny pokles velikosti porQ v nasledujicim
pofadi: UTL (14-12R) — IPC 7 (14-12R & 12-10R) — OKO (12-10R) — IPC-6 (12-10R & 10-8R). Hydrolyza
je tedy postupny proces odstrafiovani jednotlivych atomd.

Nasledné jsme vyvinuli metodu pro transformaci vrstvnatého IPC-1P na mateisky zeolit UTL zvySenim
mezivrstvé vzdalenosti prostfednictvim interkalace hydroxidu tetrabutylamonného a nasledné
rekonstrukce D4R jednotek. Rekonstrukce D4R vyZzaduje kombinaci zdroji kiemiku a germania nebo
pritomnost fluoridovych aniontd. Alternativné Ize UTL rekonstruovat pomoci predem syntetizovanych



D4R ve formé oktamethylsilsesquioxanu bez pfitomnosti germania nebo fluoridd. To umozZnilo
ptipravu UTL s vysokym obsahem kifemiku (Si/Ge = 481), coz dosud nebylo mozné. Rekonstrukce UTL
také umozniuje zacélenéni katalyticky aktivnich prvkd, jako je hlinik az po Si/Al = 15, ¢ehoZ nelze
hydrotermalni syntézou dosahnout. Tyto rekonstruované Vzorky Al-UTL predcily pfimo syntetizované
vzorky v modelové reakci, tetrahydropyranylaci 1-dekanolu.

Shrnutim prace poskytuje prostfedky pro modifikaci klicovych vlastnosti zeolitu, véetné morfologie
krystal(l, hydrolytické stability a koncentrace aktivnich center.
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1. Aims of the study

This dissertation thesis investigates new synthetic methods for preparation of zeolitic materials based
on the Assembly-Disassembly-Organisation-Reassembly (ADOR) method. The ADOR protocol
transforms a parent germanosilicate zeolite (Assembly) into new zeolite structures through
disconnection of the 3D framework into 2D layers (Disassembly), deliberate alteration of the
respective layer distance and orientation (Organisation) and re-condensation into a new 3D zeolite
(Reassembly). The presented research focuses on the fundamental understanding of individual steps
of the ADOR mechanism in order to develop new zeolitic materials and novel methods for preparation
of zeolite-based catalysts with highly tuneable properties. The thesis aims to:

e |dentify factors that influence the UTL zeolite crystal morphology using scanning electron
microscopy and to develop a method to deliberately control the morphology.

e Investigate the nature of the interaction between the UTL germanosilicate and water
molecules by water-vapour adsorption and

o Determine its relationship to hydrolytic stability of the zeolite.

e Develop amethod for slow and controllable hydrolysis of the UTL germanosilicate and to track
the disassembly process and characterize the intermediates.

e Develop a method for reconstruction of the UTL zeolite from the layered material IPC-1P, the
product of hydrolysis of UTL.

o And use the method for incorporation of active sites into the UTL to produce a
material with superior catalytic activity.



2. Introduction

Design and development of new advanced materials with distinctive properties impact diverse fields
ranging from medicine, energy storage to biomass processing and chemical manufacturing. [1-9] In
particular, chemical industry relies heavily on application of neatly designed materials in catalytic
processes, separation or purification of chemicals. Careful tuning of the material properties increases
the efficiency of the processes, reduces costs and decreases waste production and thus environmental
impact. Ergo, the manufacturing becomes more efficient and causes less harm to the environment.
[1, 2, 8-16] Significant portion of the chemical production utilize heterogeneous (vide infra) catalysts
such as zeolites. [1, 4, 17]

The zeolites earned a key position in the chemical industry due to their versatility, safe-handling and
relatively low-cost preparation. Zeolites are microporous crystalline metalosilicates which contain
micropores of uniform sizes ranging from 4.1 to 12.5 A, [18, 19] have surface area up to 1000 m?/g
[20] and can contain varying concentration and strength of acid sites. In some cases, the strength of
zeolite acid sites is comparable to that of strong mineral acids. [10, 21] They are also chemically benign
and thermally stable under temperatures up to 900 °C, depending on their composition, which makes
them sufficiently durable to withstand even harsh reaction conditions; for instance, in fluid catalytic
cracking process where the zeolite catalyst encounters temperatures up to 700 °C. [22] Zeolites can
be both found in nature and prepared synthetically. Synthetic zeolites are most commonly prepared
by hydrothermal crystallization due to its simplicity and universality. However, the mechanism of the
zeolite hydrothermal crystallization is not entirely understood. Due to the limited understanding of
the zeolite nucleation and growth, the discovery of new zeolites is based on empirical rules and trial
and error approach rather than prediction and in silico design. Consequently, we lack generally
applicable strategies for directly controlling key parameters such as crystal morphology, location of
active sites within the framework or size of the micropores.

Alternative synthetic methods attempt to overcome the drawbacks of the hydrothermal method. For
example, the Assembly-Disassembly-Organisation-Reassembly (ADOR) method transforms a parent
zeolite into a layered intermediate, alters the relative spatial position of the layers and then
re-condenses them into a new zeolite topology. [23] The new zeolite consists of the same layers;
however, their connections and thereby the width of the pores in between them changes during the
transformation. Thus, the ADOR can produce a zeolite with predictable structural features and enables
direct control over its pore size by the synthesis conditions. [24] Nevertheless, up-to-now the ADOR
can hitherto only decrease the pore size and provides limited control over the crystal morphology or
location of active sites.

In the thesis, | describe a novel facile method for predicting and controlling the crystal morphology of
a wide group of zeolites by altering their composition and demonstrate its principles on
germanosilicate zeolite UTL. Furthermore, | provide an in-depth investigation of the disassembly of
the UTL and the impact of experimental conditions on the transformation. Finally, | discuss the
development of “Reverse ADOR” transformation which enables the preparation of extra-large pore
zeolite UTL from a layered precursor with simultaneous incorporation of Brgnsted acid sites in amount
unattainable by the direct hydrothermal synthesis (i.e.-Si/Al = 15 by Reverse ADOR compared to
minimum Si/Al = 35 by hydrothermal synthesis). [25]



3. Theoretical part

3.1.Zeolites

Zeolites are crystalline microporous silicate or metallosilicate (e.g. aluminosilicates, germanosilicate,
titanosilicates, ferrosilicates) molecular sieves. The term “zeolite" originates from Swedish
mineralogist Axel Cronsted. Cronsted observed that a mineral (probably stilbite) releases steam upon
heating, without visible structural damage, which inspired him to name the mineral "zeolite" - a boiling
stone (from Greek zeo = “to boil” and lithos = “stone”). This observation was later explained as a
release of reversibly adsorbed water from the micropores of the zeolite. The first breakthrough in
zeolite science came in late 1940s when R. M. Barrer succeeded in the preparation of the first synthetic
zeolites. Barrer and his colleagues systematically studied the hydrothermal synthesis of zeolites from
alkali solutions of silicon and aluminium oxides and established the foundation of modern synthetic
methods. [22, 26] In the second half of the twentieth century, zeolite science underwent major
advance with the introduction of organic templates (also called structure directing agents, SDAs). The
SDAs can stabilize the zeolite framework under a wider range of synthetic conditions including pH or
elemental composition. This enabled preparation of zeolites with larger pores as well as higher silicon
content, such as the pure-silica MFI, silicalite-1. In contrast to natural zeolites, the Si-rich synthetic
zeolites are hydrophobic making them more suitable for interaction with non-polar compounds. At
the same time zeolites started attracting attention from the industry as prospective materials for gas
drying and separation and as catalysts for fluid catalytic cracking (FCC) and petrochemical processes.
[27] Further development led to discovery and commercialization of Lewis-acidic titanosilicates in
1980s. [22, 28, 29]

The zeolite framework comprises of tetrahedral TO4 units (T = Si, Al, Ti, Fe...) linked through sharing
their corners. The corners of the tetrahedra contain the oxygen atoms, whereas the T-atom resides in
the centre. The tetrahedra assemble into wide range of geometries of larger building units such as
rings, prisms or small cages varying in size and geometry which provides the zeolites with
unprecedented structural variability. This manifests in the variation of pore diameters, channel
connectivity, geometry and size of internal cavities or even stability of different zeolite structures. [30]
To this day, the International Zeolite Association recognizes 260 distinct structures each designated
by a unique three-letter code (e.g. LTA, FAU, UTL) along with numerous more published zeolite
frameworks awaiting the approval. [19] The framework topology can be described using several
different categories of building units such as secondary building units (SBUs), composite building units
(CBUs) or natural tiles (e.g. cubes, labelled as t-cub, hexagonal prism labelled as t-hpr or truncated
octahedrons as t-toc). [19, 31] While some of the building units genuinely form during the zeolite
synthesis, others are purely theoretical tools to describe the structure geometry. Nevertheless, aside
from studies addressing the zeolite crystal growth and formation, it is more common to classify
different zeolites according to pore size and channel connectivity rather than building units. [32] We
differentiate zeolites as either;

e small-pore (i.e. 8 ring “8R” channels up to 4 A; e.g. LTA)
e medium-pore (i.e. 10R channels up to 5.5 A; e.g. MFI)

e large-pore (i.e. 12R channels up to 7.5 A; e.g. *BEA)

e extra-large pore (i.e. channels larger than 12R; e.g. UTL)



Figure 1: Examples of small-, medium-, large- and extra-large pore zeolites. [19]

If the channels run in parallel to only one crystallographic axis, they form a one-dimensional pore
system (e.g. MTW). Whereas, if the channels run along multiple axes they may form intersections and
create two-dimensional (e.g. UTL, NES) or three-dimensional channel system (e.g. LTA, *BEA). The
channel size and connectivity determine the textural and molecular sieving properties of the zeolite.
This unique set of properties makes zeolites excellent for adsorption, separation of small molecules
or so-called shape-selective catalysis.

The molecular sieving embodies one of the pivotal properties of zeolites. Relatively narrow and
precisely defined pore-windows of a zeolite can restrict the size and geometry of molecules that enter
or exit the channels or reaction intermediates that form within the internal cavities. This effect, the
molecular sieving, provides the zeolite with extraordinary separation and catalytic abilities. [33-35]
For instance, the zeolite 5A (i.e. Na*/Ca?*" LTA with average pore size 5 A) selectively adsorbs water
and, hence, is being used as a solid drying agent. [36-38] Na-FAU (Na* exchanged Faujasite; see below)
finds use in gas-phase separation of CO; from N,. [39-41] Other small-pore zeolites are currently
investigated as an inexpensive alternative for propane/propene separation. [42, 43] More
importantly, the shape-selectivity proves indispensable in catalytic reactions including large-scale
petrochemical processes (e.g. xylene production) or biomass conversion as well as fine chemical
production where it limits the formation of undesired side products. On one hand, small- or medium-
pore zeolites are suitable for reaction of small molecules, while on the other hand, large- and extra-
large pore zeolites can accommodate even large molecules and are thereby suitable for production of
bulky fine chemicals including fragrances, flavourings or pharmaceuticals. [44-46] In essence, zeolites
can provide a product distribution different from the thermodynamic equilibrium due to retention of
sterically unfavourable compounds or restriction of formation of bulky transition states. As a result,
the reaction provides higher yields of certain products, decreases the amount of waste products and
decreases the overall cost of the process. [22, 44, 47-54]

The recognition of zeolites in the catalysis also originates from their acidic properties. The zeolite acid
sites are formed by isomorphous substitution of silicon with other tetrahedrally coordinated trivalent
(i.e. M*) or tetravalent (i.e. M*) or elements. [46] Trivalent elements such as AI**, Ga®" or Fe®*
introduce a negative charge to the framework which requires compensation by extra-framework
cations. Introduction of protons as the charge-balancing cations creates Brgnsted acid sites (Figure 2).



The Brgnsted acid sites of the aluminosilicate zeolites generally possess acid strength comparable to
mineral acids. The strong acidity along with the shape-selectivity makes zeolites suitable for catalysing
various reactions such as hydrocarbon cracking or Friedel-Crafts alkylation or acylation. [47, 55-58]
Alternatively, Lewis acid sites also form in the proximity of defects associated with trivalent element
(e.g. AP*). Tetravalent elements such as Ti**, Zr**, Ge* or Sn** possess free orbitals which provide Lewis
acidity (Figure 2). For instance, the Lewis-acidic titanosilicates excel in oxidation and epoxidation
reactions while the stannosilicates find use in Baeyer—Villiger oxidation of ketones or transformation
of biomass. [59-63]
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Figure 2: Representation of different types of acid sites in zeolites [64]
Germanosilicate zeolites

Among the substituting heteroelements, germanium stands out due to its unique structure-directing
properties and chemical lability. The first property originates from the flexibility of Ge-O-Ge bond
angles. The Ge-0-Si or Ge-O-Ge linkages can accommodate bond angles ranging from 120 to 180° in
contrast to Si-O-Si with more narrow range from 137 to 180°. [65, 66] The increased flexibility permits
the germanium to adopt more strained geometries and stabilise new building units which rarely
appear in purely siliceous zeolites. Particularly, the germanium promotes formation of double-four
ring (D4R) and double-three ring (D3R) units. [18, 67] The small units such as D4R and D3R are
invaluable in preparation and stabilisation of zeolites with low framework density, including numerous
extra-large pore zeolites such as UTL, *CTH or IRR (Figure 3). [18, 68, 69] The ability of germanium to
stabilise the strained units also relates to its uneven distribution throughout the framework. The
germanium preferentially locates in more strained framework positions; whereas, the less strained
ones predominantly accommodate silicon atoms. For illustration, IRR germanosilicate contains 50% of
the framework germanium located in the highly strained D3R and 37% in the D4R positions. In
contrast, the rest of its framework contains only 13% of the germanium. [18, 70, 71]
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Figure 3: Location of D3R and D4R units in zeolites UTL, *CTH and IRR. [19]

The second key property of germanium stems from relative lability of Ge-O bonds. The Ge-O bonds
are weaker than Si-O which makes them more prone to hydrolysis. Ergo, germanosilicate zeolites,
without the support of the template, tend to gradually deteriorate in moist environments. [72-74] On
the other hand, we can use aqueous solutions to selectively remove the germanium from the
framework. The hydrolysis selectively removes the germanium which predominantly resides in the
D4R or D3R units while leaving the rest of the framework intact. Roth et al. exploited this in selective
hydrolysis of D4R units in the UTL germanosilicate transforming it into a layered IPC-1P material (see
section 2.2.2.). [74]

3.1.1. UTL

The UTL (originally denoted as IM-12 or ITQ-15) is an extra-large pore germanosilicate zeolite with a
system of intersecting 14R (9.5 x 7.1 A) and 12R (8.5 x 5.5 A) pores. [68, 75] The intersecting pores
create a two-dimensional pore system interposed in between parallel non-porous pcr layers. The
layers mostly consist of 5-rings and contain predominantly silica. On the other hand, the D4R units
which connect the layers to the 3D framework contain predominantly germanium. Ergo, we can also
imagine the UTL as a series of parallel Si-rich layers connected by Ge-rich D4R units (Figure 4). [76]



Figure 4: Structure of the UTL zeolite along ab-, ac-, and bc-planes and illustration of building units
[19]

The 14R and 12R pores make the UTL attractive catalyst for transformation of bulky organic molecules
such as fragrances, dyes or drugs. The catalytic activity of the UTL originates either from the
germanium atoms or from other heteroelements (vide supra) which can be incorporated into the
framework either during the hydrothermal synthesis or via post-synthetic modifications. The
germanosilicate UTL can catalyse Baeyer-Villiger oxidation of ketones or ketalization of glycerol due
to the Lewis acidic nature of the germanium sites. [77, 78] However, the germanium sites deteriorate
upon contact with water released by the reaction. Therefore, numerous efforts have been employed
to stabilise the UTL zeolite by post-synthetic substitution of germanium for silicon. The stabilisation
commonly involves degermanation of the UTL under acidic conditions and subsequent or
simultaneous incorporation of silicon into the newly formed vacancies. [79, 80]

Other heteroelements can also be incorporated into the UTL framework directly during the
hydrothermal synthesis. Shamzhy et al. investigated the direct synthesis routes to UTL zeolite
containing framework Al**, Fe** or Ga3*. Their results show that the UTL can accommodate a range of
trivalent elements which introduce Brgnsted acid sites into the framework (vide supra). However, the
content of the heteroelements in the framework is limited and the presence of certain elements
narrows the pH range of the synthesis time and prolongs the required synthesis time. For example,
germanosilicate UTL crystalizes in range of pH from 7.3 to 12.1 within 8 days; whereas
aluminogermanosilicate UTL (Al-UTL) with molar ratio Si/Al = 65 crystalizes within pH range from 11.4
to 12 and takes 20 days to fully crystalize. [81]



Additionally, post-synthetic incorporation of other elements such as AlI**, Ga* or Fe® into the
vacancies not only stabilizes the zeolite but also introduces Brgnsted acid sites. This increases the
scope of reactions we can catalyse over the UTL zeolite to, for instance, alkylation of toluene, acylation
of p-xylene and Beckmann rearrangement of 1-indanone oxime. [82, 83]

3.2.Zeolite synthesis

Synthetizing zeolites artificially provides numerous advantages including higher phase purity and
variability of feasible crystal topologies compared to the zeolites obtained from nature. One can tailor
the synthetic zeolite to contain required amounts of specific elements. Suitable synthesis conditions
can also promote formation of desired framework topologies and impede formation of undesired side
phases. [84] A number of diverse zeolite synthesis methods have been developed, including
hydrothermal crystallization, dry-gel conversion, mechanochemical synthesis, high pressure
transformation or the Assembly-Disassembly-Organisation-Reassembly (ADOR) method. In this
chapter we will focus only on two of them which are relevant to the thesis: the hydrothermal
crystallization and the ADOR method. [85-91]

3.2.1. Hydrothermal crystallization

The hydrothermal crystallization is the most straightforward preparation of synthetic zeolites. In
essence, the hydrothermal synthesis involves dissolution or mixing of T-element source compounds
(i.e. silicates, aluminates...) in a solution of alkali or organic hydroxide and crystallization in a closed
vessel at elevated temperature (from 90 to 200 °C). The synthesis mixture also commonly contains
organic structure directing agent (SDA). The SDA stabilizes the desired framework topology by filling
the pores and cavities, by stabilizing certain building units through Coulombic interactions or, in rare
cases, by promoting formation of specific structural features via templating. [87, 91, 92] The simplicity
of the hydrothermal method makes it so widespread as well as relatively easy to scale up. On the other
hand, the complexity of the synthesis mixture makes it difficult to describe the underlying processes
and nearly impossible to tailor or design. Beneath the simple experimental protocol lies an intricate
interplay of dissolution, precipitation, agglomeration, nucleation, polymerization as well as ionic
interaction or solvation. However, regardless of the complexity of the zeolite crystallization
mechanism, several key steps have been identified and extensively studied. [22, 26, 93]

Composition

The zeolite formation begins with mixing the source compounds to form a synthesis gel or a solution.
The choice and combination of the source chemicals can already predetermine the properties of the
final zeolite. For instance, numerous zeolite structures crystalize exclusively in the presence of specific
alkali cations which behave as inorganic structure directing agents. The alkali cations can stabilize
different building units by ionic interactions and promote formation of specific framework type rich in
those units. For example, Na* favours coordination to aluminosilicate six-rings while K* prefers eight-
rings. This results in crystallization of zeolites with high occurrence of six-rings such as LTA or FAU in
presence of Na* while zeolites such as TON or KFI crystallize predominantly in K* media. [92, 94]
Similarly, certain T-elements can affect the nature of the building units that form in the early stages
of the synthesis. Most notably, the germanium promotes the formation of strained four-rings and
double four-rings (D4R) present in germanosilicate extra-large pore zeolites. In contrast, zinc favours
the formation of spiro [3,3] rings while gallium often acts as a linker between two existing silicate



species. Consequently, the presence of specific T-atom can promote the formation of certain building
units and direct the synthesis towards frameworks with respective features. [95, 96]

The outcome of the synthesis also depends significantly on the molar Si/T ratio. Lower abundance of
charged moieties such as AlI** provides fewer sites for interaction with the extra-framework cations
(i.a., that of the SDA) that stabilize the zeolite. Furthermore, it has been empirically shown that zeolite
structures cannot contain Al-O-Al linkages (Loewenstein’s rule) and ergo the Si/Al ratio of the zeolite
cannot decrease bellow 1. Moreover, high aluminium content in the synthesis gel favours formation
of even-rings with alternating Si-O-Al linkages while odd-rings become less favourable under the same
conditions. As a result, zeolites with abundance of even-rings form more easily in high aluminium
environment while odd-ring zeolites favour lower aluminium content. [92, 94, 97] Other
heteroelements do not obey the same rules as aluminium; however, majority show certain upper limit
for incorporation into the zeolite framework. For instance, Millini et al. showed that the TS-1 (i.e. Ti-
MFI) can accommodate titanium only up to Si/Ti = 39 and any excessive titanium forms extra
framework species. [98]

Supersaturation

The synthesis conditions and the composition of the synthesis gel do not only determine the phase
selectivity but also the crystal size and morphology of the zeolite. The size of the crystals inversely
correlates with the rate of nucleation and thereby with the degree of saturation of the synthesis
mixture with the source compounds (i.e. Si, Al...). Highly saturated mixtures generate large number of
nuclei during the synthesis. The crystal growth from these nuclei gradually depletes the synthesis gel
of the source compounds until the crystal growth ceases. The large number of nuclei in highly
saturated gels results in shorter crystal growth and formation of a large number of small crystals in
the final material. In contrast, more diluted gels produce fewer nuclei which can consume grow to
larger crystals. [99, 100] The degree of saturation depends on the overall gel concentration; however,
also on the nature of the source compounds. Highly soluble compounds, such as TEOS (tetraethyl
orthosilicate), saturate the synthesis gel more rapidly resulting in a faster nucleation. In contrast,
compounds which dissolve more slowly, such as silica gel, cause a slower nucleation. Consequently,
using different source chemicals in the same synthesis can result in zeolite crystals with diverse
morphologies or Al distribution. [101-103]
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Figure 5: Stages of hydrothermal crystallization of zeolites from an alkaline mixture. [104]
Time and temperature

Zeolites are thermodynamically metastable phases. This means that any zeolite is essentially an
intermediate phase which forms through a kinetically favoured pathway under the hydrothermal
conditions and over time recrystallizes to energetically more favourable structure (Figure 5).
Eventually, the recrystallization continues until the most stable (dense) phase, such as cristobalite or
quartz, forms. Consequently, a particular zeolite structure can only be obtained in a distinct time
window during the synthesis before it recrystallizes to a more stable material. [99, 105]

Another key factor for producing the desired crystal structure of the solid phase is the synthesis
temperature. The temperature governs the rate of the synthesis and all its underlying processes. In
general, increasing the temperature shortens the synthesis time. However, the change of temperature
may also affect the complex interactions within the system and kinetics of the secondary processes
(i.e. dissolution, condensation, mass transfer...) meaning that changing temperature may not only
alter the synthesis time but also enable the crystallization of completely new phase. [90, 94]
Altogether, these factors make the hydrothermal synthesis highly variable and tuneable. However, up
to now the complexity of the system effectively prevented rational design of synthesis conditions with
particular structure in mind.

Synthesis of UTL zeolite

| will illustrate the above-mentioned principles of hydrothermal synthesis on the zeolite UTL. The UTL
crystallizes most commonly as germanosilicate or metalo-germanosilicate with a third T-element such
as aluminium, gallium or tin. [81] High concentration of germanium in the synthesis gel is crucial
because it promotes the formation of D4R units. Synthesis mixtures with Si/Ge from 1 to 5 yield pure
UTL phase. However, synthesis mixture with Si/Ge higher than 10 provides mainly STF structure.
Shvets et al. also observed that a decrease in the germanium content is accompanied by an increase
in average crystal size. [106]

The UTL germanosilicate with Si/Ge = 2 generally requires from 4 to 7 days (depending on pH) to reach
full crystallinity. Prolongation of the synthesis time results in recrystallization of the UTL to denser



*BEA, MTW or MEL zeolites after 10 days and to quartz after 14 days. The crystallization time depends
on the pH of the synthesis gel. Successful synthesis of UTL occurs within pH range from 7.2 to 11.5.
Decrease in the synthesis pH generally prolongs the time required to achieve full crystallization. [106,
107]

Addition of the third element can significantly impact the synthesis time and range of conditions
where the pure UTL phase forms. Most notably, aluminium in the synthesis mixture considerably slows
down the UTL growth. Addition of the heteroelement presumably changes the equilibrium between
different silicate, germanosilicate and metallosilicate species and impedes the aggregation of primary
particles due to electrostatic repulsion. As a result, synthesis time of UTL with Si/Al = 66 increases to
20 days and with Si/Al = 44 further to 28 days. The presence of heteroelements also narrows down
the synthesis pH range from 7.2 - 11.5 for germanosilicate UTL to 7.8 - 11.0 for B-UTL or 8.2 —11.0 for
Ga-UTL. [81, 108] Lastly, the successful incorporation of the element depends on the choice of the
SDA used in the synthesis. The UTL can be synthesised using a broad range of spiro-azacompounds
without clear impact on the formation of the zeolite. However, the SDA controls the upper limit for
the heteroelement content in the framework. For example, the 7-ethyl-6-azoniaspiro[5.5]undecane
(EASuD) enables incorporation of higher amounts of trivalent element into the UTL, in contrast to the
2,6-dimethyl-5-anizospiro[4.5]decane (DMASD), which is more suitable for preparation of pure
germanosilicate UTL. For example, synthesis with EASuD can yield UTL with boron content up to 12 %
molar content, while identical synthesis with DMASD can only yield UTL with 3 % boron content. [108]

3.2.2. ADOR method

The commonly used hydrothermal synthesis of zeolites is, on one hand, relatively facile and versatile
in the choice of source materials and synthesis conditions. On the other hand, we do not fully
understand its mechanism and thus lack a straightforward relationship between the synthesis
conditions and the structure of the produced zeolite. This limits us to rely on verified recipes or tedious
screening of synthesis conditions in search of new structures. As a result, development of new zeolites
with specific structural features (e.g. chirality, extra-large pores, odd-ring channels) is rather
challenging via the hydrothermal synthesis. [87]

The Assembly-Disassembly-Organisation-Reassembly (ADOR) method approaches this hurdle from a
different perspective. Instead of using bottom-up crystallization from solution, the ADOR applies top-
down approach to obtain building blocks from existing germanosilicate zeolites and uses them to form
new frameworks. The new zeolite always contains the same building blocks, most commonly layers,
originating from the parent material but connected via different linkages. The transformation replaces
the original double-four ring (D4R) units with, e.g., single-four rings (S4R) or oxygen bridges (vide
supra) and can yield a family of isoreticular zeolites from one parent material. The isoreticular zeolites
possess the same structural features and pore connectivity but vary in the diameter of the pores. This
makes them suitable for studying relationship between pore size and catalytic activity or separation
properties. [83, 109-111]

The ADOR consists of four steps (Scheme 1); 1) Assembly - hydrothermal synthesis of the parent
germanosilicate; 2) Disassembly - selective hydrolysis of the germanosilicate to produce a layered
intermediate; 3) Organisation — adjustment of the spatial arrangement of the layers; 4) Reassembly -
topotactic condensation of the layers into a new three-dimensional zeolite framework. [23, 24]
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Scheme 1: Assembly-Disassembly-Organisation-Reassembly transformation of the UTL
germanosilicate to layered precursors IPC-1P and IPC-2P, and to IPC-2 (OKO) zeolite. [112]

Assembly

The Assembly, first step of ADOR, refers to the hydrothermal crystallization of a suitable parent
germanosilicate zeolite which possess germanium rich double-four rings (D4R) arranged in a planar
manner. For instance, the UTL consists of silicon-rich pcr layers connected by the D4Rs which makes
it a suitable parent material for the ADOR. [68] In contrast, zeolites such as ASV or BEC contain D4Rs
connected by only small building units. Hence their hydrolysis causes amorphization of the material
which makes them unsuitable for ADOR. [67, 113]

The distribution of the germanium within the framework, namely the occupation in the D4R positions,
is crucial for the later steps of the ADOR. Particularly, the occupancy of the D4R with germanium
increases with decreasing Si/Ge ratio. Furthermore, synthesis of the zeolite in OH  medium encourages
the clustering of germanium in the D4Rs. In contrast, presence of F in the synthesis gel favours more
even distribution of the germanium, making the zeolite more resistant to the hydrolysis and less
suitable for the ADOR transformation. [69, 72]

Disassembly

In the second step of the ADOR, the disassembly, the parent germanosilicate undergoes a
transformation into a layered precursor. The disassembly step takes advantage of the relative lability
of the Ge-O bonds compared to the Si-O bonds. The Ge-O bonds undergo hydrolysis in presence of
water or in acidic environment resulting in leeching of the germanium from the framework and
formation of vacancies. Since the germanium predominantly resides in the D4R units, the acidic
hydrolysis enables to selectively remove the D4Rs while keeping the Si-rich part of the framework
intact. In case of the UTL, the hydrolysis removes the D4Rs that connect the Si-rich pcr layers, resulting
in the formation of the layered precursor. In order to disconnect the layers completely, it is imperative
that at least 4 germanium atoms in suitable arrangement occupy each D4R unit. This corresponds to
UTL with Si/Ge ratio 8.5. [74]

The degermanation of the UTL produces Ge and Si debris originating from the hydrolysed D4Rs. The
debris can either de-intercallate from the interlayer space or re-insert into the framework to heal
vacancies. Large amount of liquid in the system promotes the rate of de-intercallation and, therefore,



favours the hydrolysis and formation of the layered IPC-1P. In contrast, low-liquid system promotes
re-insertion of the leeched species into the framework and slow formation of linked IPC-2P precursor
(Scheme 1). [114, 115] The structure of the daughter zeolite also depends on the acidity of the solution
during the treatment. The acidic environment promotes breaking and making of Si-O bonds and
facilitates Si leeching and reinsertion. As a result, moderately acidic solutions (e.g. 7M HCI) favour Si
reinsertion and formation of IPC-2P. In contrast, mildly acidic solutions (e.g. 1M HCI) or pure water
favour the hydrolysis and formation of IPC-1P. [111]

In order to fully disassemble the UTL into the layered precursor, the D4Rs cannot contain any Si-O-Si
linkages between the neighbouring layers. Each D4R need to contain at least four geranium atoms in
suitable arrangement to ensure the D4Rs hydrolyse completely. [76] The removal of the D4Rs
disconnects the layers and leaves unique silanol quadruplets on the layer surface in place of the
missing D4Rs. These quadruplets facilitate the later re-condensation of the layers into the new
structure or provide a foundation for functionalisation of the material. [24]

Organisation

Rapid hydrolysis of UTL in diluted acidic solution (e.g. 0.1 M HCI) produces a semi-ordered layered
precursor which yields a disordered IPC-1 material upon direct condensation. [74] Therefore, the
relative layer position needs to be adjusted into a proper arrangement prior to the condensation. The
layers can either spontaneously re-arrange under favourable conditions or by intercalation of organic
agents into the interlayer space. [114, 116] For instance, the intercalation of octylamine improves the
ordering of the IPC-1P layers and the subsequent transformation produces ordered IPC-4 (PCR) zeolite
instead of the disordered IPC-1. [23, 116]

The intercalation of organic agents not only improves the quality of the final material, but it also
enables controlling the respective layer distance and position. Intercalation of large, substituted
amines or surfactants can increase the interlayer spacing beyond that of the UTL. The intercalated
precursor can be pillared by amorphous silica or organic linkers to fix the interlayer distance and
produce hybrid semi-crystalline pillared materials with pore size up to 3.5 nm. [116, 117] Other
intercalating agents can induce a mismatch in the relative layer position and provide a zeolite with
new interlayer connectivity upon condensation. For example, intercalation of choline into the IPC-1P
induces a shift of the layers by half of unit cell along the crystallographic c-axis. The subsequent
condensation produces IPC-9 or IPC-10 zeolites with odd 7- and 9-ring channels. [118]

Reassembly

The last step involves the topotactic condensation of the layered precursor to the three-dimensional
zeolite framework. The condensation significantly differentiates the ADOR from the hydrothermal
synthesis. While the hydrothermal crystallization includes series of reversible processes (e.g.
crystallization, dissolution) the condensation transforms the precursor in one irreversible step. [118]
This opens the doors to formation of high-energy zeolite structures which do not obey the Local
Interatomic distances (LID) criteria applied to zeolites prepared by the hydrothermal route. The set of
LID rules is based on observations of existing zeolites and relate geometrical features of the framework
(e.g. average T-T and T-O distances or T-O-T angles) with hydrothermal feasibility of the particular
zeolite. [119] In short, the ADOR enables preparation of zeolites considered “unfeasible” by the



hydrothermal approach. This includes the IPC-9 and IPC-10 zeolites which contain odd 7- and 9-rings
seldom found in zeolite structures. [118, 120]

In summary, the ADOR enables preparation of new zeolites, some of which are unfeasible by the
hydrothermal route, in a predictable and controllable way.



4. Experimental part

Tablel: List of used chemicals

Compound Purity Manufacturer
1,3-Diethoxy-1,1,3,3-tetramethyl-disiloxane 97% Sigma Aldrich
1,4-Dibromobutane >98% Alfa Aesar
1,5-Dibromopentane >98% VWR Chemicals
1-Decanol 299% Merck
2,4,6,8-Tetramethylcyclotetrasiloxane >99,5% Sigma Aldrich
2-Ethylpiperidine >98% TCl Chemicals
2-Propanol, Isoropylalcohol 99,9% VWR Chemicals
3,4-Dihydro-2H-Pyran 99% Sigma Aldrich
Acetic acid, natural >99,5% Sigma Aldrich
Acetonitrile, anhydrous 299.95% VWR Chemicals
Aluminium hydroxide, extra pure, powder 100% Acros Organic
Aluminium nitrate nonahydrate >98% Sigma Aldrich
Ambersep 900(0OH), ion exchange resin Alfa Aesar
Ammonium fluoride, ACS reagent 298% Sigma Aldrich
Ammonium nitrate 299% Sigma Aldrich
cis-2,6-Dimethylpiperidine 98% Sigma Aldrich
Diethoxydimethyl silane 297% Sigma Aldrich
Diethyl ether 299% VWR Chemicals
Ethanol absolute anhydrous 299.8% VWR Chemicals
Germanium(IV) methoxide 295% Sigma Aldrich
Germanium(IV) oxide 299,99% Sigma Aldrich
Hydrogen chloride - ethanol solution, 1.25 M HCI Sigma Aldrich
Ludox® AS-40 colloidal silica 40 wt.% suspension in H,O 40% Sigma Aldrich
Mesitylene 98% Sigma Aldrich
Methanol for HPLC >99,9% Sigma Aldrich
Potassium carbonate, anhydrous >99% VWR Chemicals
PSS-Octamethyl substituted (Octamethylsilsesquioxane) Sigma Aldrich
Pyridine 99,9% Sigma Aldrich
Silica, fumed, powder 99.80% Sigma Aldrich
Tetrabutylammonium hydroxide, aqueous solution 40% Sigma Aldrich

4.1.Synthesis of UTL zeolite

4.1.1. Synthesis of organic structure directing agents

The germanosilicate UTL was synthetised by the hydrothermal method using the
2,6-dimethyl-5-anizospiro[4.5]decane (DMASD) bromide the SDA. [107] The synthesis of DMASD-Br
involved mixing 60 mL of 1,4-dibromobutane, 82.9 g of K,COs;and 500 mL of acetonitrile in a round-
bottom flask. Subsequently, 67 mL of 2,6-dimethylpiperidine was added dropwise through addition
funnel. The resulting mixture was heated to 85 °C and stirred for 16 h under reflux. Afterwards, the
reaction mixture was cooled down and the acetonitrile was evaporated. The solid phase obtained by
the evaporation was dissolved in ethanol and the insoluble fraction (leftover K,COs) was removed by
filtration. Next, the ethanol was evaporated to create an almost saturated solution. The DMASD-Br
was precipitated from the solution by diethyl ether, recovered by filtration and dried under vacuum



overnight. The structure of the SDA was confirmed by *H NMR spectroscopy using D,0 as a solvent
(see Appendix, Figure A1). The DMASD-Br was dissolved in water to prepare 1M solution. The solution
was subsequently mixed with Ambersep 900(OH) ion exchange resin with a 2 : 1 SDA : resin w/w ratio
for 24 hours to ion-exchange the SDA to the hydroxide form (DMASD-OH). The completeness of ion-
exchange was verified by titration with 0.1 M HCl using phenolphthalein as indicator.

The alumino-germanosilicate UTL was synthetised using the 7-ethyl-6-azoniaspiro[5.5]undecane
(EASuD) bromide as the SDA. [108] The EASuD-Br was synthesized via a procedure analogous to that
used for DMASD-Br, with 1,5-dibromopentane and 2-ethylpiperidine as the starting compounds. The
SDA structure was verified by *H NMR spectroscopy (see Appendix, Figure A2). This EASuD-Br was ion-
exchanged to the hydroxide form (EASuD-OH) using the Ambersep 900 (OH) ion exchange resin using
analogous procedure.

4.1.2. Synthesis of UTL zeolites

The germanosilicate UTL was prepared using the DMASD-OH as SDA and molar composition of the
synthesis gel 0.67 SiO: 0.33 GeO,: 0.4 DMASD-OH : 33.3 H,0. [107] The UTL was also synthetised with
different Si/Ge molar ratios ranging from 0.33 to 7. The proportions of Si/Ge were varied; however,
the total Si + Ge molar content was kept constant.

First, germanium dioxide was dissolved in 0.6 M water solution of DMASD-OH. Second, fumed silica
(Cab-0-Sil M5) was added. The mixture was stirred at room temperature until the silica completely
dissolved. The synthesis gel was transferred into a 1000 mL Parr autoclave and heated to 175 °C for 6
days with rotation 200 rpm. The UTL zeolite was recovered by filtration, washed out with a copious
amount of distilled water and dried in an oven at 60 °C. The SDA was removed by calcination in air at
550 °C for 6 h, with a temperature ramp of 1 °C.min%.

UTL germanosilicates modified with growth modifiers (GM) were prepared using identical method.
The 1,5-pentanediol, 1,5-diaminopentane, pentanoic acid or L-lysine, used as GM, were added to the
synthesis mixture in GM/Si = 0.21 molar ratio prior to the hydrothermal crystallization.

The alumino-germanosilicate UTL was prepared following an analogous synthesis using EASuD-OH as
the SDA and aluminium hydroxide as the aluminium source. The synthesis mixture with a molar
composition of 1 SiO; : 0.5 GeO; : 0.012 Al;,03 : 0.4 EASuUD-OH : 33.3 H,0 was placed into 90 mL Teflon
lined autoclave and heated under rotation at 175 °C for 28 days. The Al-UTL was recovered by
filtration, washed with distilled water and dried at 60 °C and calcined in air at 550 °C for 6 hours with
arampof 1 °C.min™.

4.2.Hydrolysis and modification of UTL zeolites

4.2.1. Treatment with Water-Alcohol solutions

The treatment of the germanosilicate UTL zeolite with pure alcohols (methanol, ethanol, i-propanol)
or their respective 20, 40, and 60% solutions in water was carried out by immersing 1 g of calcined
UTL into 160 mL of the respective solution pre-heated to 60 °C. Samples of the solution were collected
with automatic pipette after 1, 3, 5, 18, and 24 h and centrifuged to separate the zeolite from the
solution. The solid samples were washed with pure alcohol (respectively to the treatment solution),
dried at room temperature and calcined at 550 °C for 6 h in an air flow.



4.2.2. Treatment with HCI-Ethanol Solution

Prior to the treatment of the germanosilicate UTL zeolite with solution of HCl in ethanol, 160 mL of
the 1.25 M HCI/EtOH solution was cooled down to 0 °C in a thermostat. Subsequently, 1 g of calcined
germanosilicate UTL was added to the solution and kept stirring. The samples were collected
periodically for 60 days, separated by centrifugation, washed with absolute ethanol, and dried at room
temperature. The dry samples were calcined at 550 °C for 6 h in an air flow.

4.2.3. Hydrolysis of UTL to IPC-1P

The IPC-1P was prepared by hydrolysis of calcined germanosilicate UTL zeolite in 1 M CH;COOH.
Typically, 250 mL of 1 M CH3COOH were heated to 85 °C in a round-bottom flask equipped with a
condenser. Subsequently, 1 g of a calcined UTL was added to the mixture and stirred for 24 h. The IPC-
1P was recovered by filtration, washed with a copious amount of distilled water to achieve neutral pH
and dried at 60 °C.

4.2.4. Intercalation of IPC-1P and reconstruction of UTL

The intercalation of IPC-1P was carried out using an aqueous solution containing 20 % (w/w)
tetrabutylammonium hydroxide (TBAOH) and 15 % (w/w) colloidal silica (Ludox AS-40. Firstly, 0.5 g of
IPC-1P was added to 15 mL of the solution and stirred for 6 hours at room temperature. Subsequently,
the intercalated material IPC-1TBA was recovered by centrifugation at 4500 rpm for 15 minutes,
washed with distilled water to neutral pH and dried at 60 °C.

In a typical experiment, 0.1 g of IPC-1TBA was mixed with 5 mL of 1.25 M HCl in ethanol in a 25 mL
Teflon-lined steel autoclave. Subsequently, respective amounts (Table 2) of ammonium fluoride,
selected source of silicon (e.g. diethoxydimethyl silane), germanium methoxide and aluminium nitrate
were added to the mixture. The autoclave was subsequently heated to 170 °C for 20 hours under static
conditions. The product was recovered by filtration, washed with absolute ethanol and dried at 60 °C.
The samples were calcined in flow of air at 550 °C for 6 h with a temperature ramp of 1 °C.min™.

Table 2: Composition of the individual reaction mixtures for UTL reconstruction and their respective
labelling.

Cueyeron | DEDMS | DETMDS | TMCTS | POSS | (MeO).Ge | NH.F AlNOs)s.
Sample 9H,0

(mol/1) (mg) (mg) (mg) | (mg) (mg) (mg) (mg)

rec Sil 1.25 65.8

rec Si2 1.25 49.4

rec Si4 1.25 26.7

rec Si8 1.25 29.8

rec Si-Ge

(3:1) 1.25 49.4 21.9

rec Si-Ge

(1:1) 1.25 32.9 43.7

rec Si-Ge

(1:3) 1.25 16.5 65.6

rec Ge 1.25 87.3

rec F Sil 1.25 65.8

rec F Si—Ge

(1:1) 1.25 32.9 43.7

rec F Ge 1.25 87.3



3Si:1Al 1.25 49.4 2.1 41.6

1Si:1Al 1.25 32.9 2.1 83.3
1Si:3Al 1.25 16.5 2.1 124.9
Pure Al =

pHCI =-0.1 1.25 2.1 166.5
(F)

pHCI = 1(Ge) 10* 24.7 32.8 37.7
pHCI = 3(Ge) 103 24.7 32.8 37.7
pHCI = 5(Ge) 10 24.7 32.8 37.7
pHCI =1 (F) 101 50.9 2.1 37.7
pHCI = 3 (F) 103 50.9 2.1 37.7
pHCI =5 (F) 10 50.9 2.1 37.7
Re-UTL (Al) 103 50.9 2.1 37.7
Re-UTL B

(Al+Ge) 10 24.7 32.8 37.7

DEDMS = Diethoxydimethylsilane; DETMDS = 1,3-diethoxy-1,1,3,3-tetramethyl-disiloxane; TMCTS = 2,4,6,8-
tetramethylcyclotetrasiloxane; POSS = octamethylsilsesquioxane.

The ion-exchange of the reconstructed UTL samples to the H* form was performed using 0.5 M NH4;NOs
solution in ethanol. 100 mL of the solution was added to 1 g of sample and stirred for 4 h at room
temperature. Subsequently, the solid was recovered by centrifugation. The procedure was repeated
four times. The exchanged samples were dried at 60 °C and subsequently activated at 450 °C for 90
min.

4.3.Synthesis of IWW zeolites

Germanosilicates with IWW structure were synthetized using 1,5-Bis-(methylpyrrolidinium)pentane
dihydroxyde (MPP) as SDA.

MPP was prepared through reaction of 18.8 g of 1,5-dibromopentane with 20 g of N-methylpyrrolidine
in 150 ml of acetone. The reaction mixture was refluxed for 20 h and the solid product was collected
by filtration, washed with acetone and dried under vacuum overnight. The structure of the SDA was
verified by H NMR spectroscopy using deuterium oxide as a solvent. MPP was ion exchanged for
hydroxide form using anionic exchange resin Ambersep 900(OH) ion exchange resin with a 2:1
SDA : resin w/w ratio for 24 hours. The degree of ion-exchange was verified by titration with 0.1 M
HCl using phenolphthalein as indicator. The solution was subsequently concentrated on an evaporator
to a hydroxide concentration 1.0 M.

The IWW zeolites were synthetised dissolving germanium dioxide in 1M solution of MPP.
Subsequently, tetraethyl orthosilicate was added to the mixture and stirred till complete evaporation
of ethanol formed by the hydrolysis of tetraethylorthosilicate. The final mixture possessed molar
composition x Si02: 1-x GeO>: 0.25 MPP: 15 H,0. The IWW was prepared with Si/Ge ratio 4 and 6. The
crystallization was carried out in Teflon-lined stainless-steel autoclaves at 175 °C for 11 days. The final
solid products were recovered by centrifugation, washed with water and dried at 60 °C overnight.
Calcination was carried out at 580 °C for 6 h in air.



4.4.Characterization methods

X-ray powder diffraction (XRD) analyses of the solid samples were performed on a Bruker D8 Advance
diffractometer equipped with a Linxeye XE-T detector in the Bragg—Brentano geometry using Cu Ka
(A =0.15406 nm) radiation. Data were collected over the 2 0 range of 3—40° with 0.021° step size and
0.8 s time per step.

Scanning electron microscopy (SEM) imaging was carried out using a JEOL IT-200 microscope in
secondary electron imaging mode using electron beam accelerating voltage 15kV and working
distance 10 mm; or using a JEOL IT-800 microscope in secondary electron imaging mode using electron
beam accelerating voltage 3kV and working distance 2 mm.

Aspect ratios, AR, of the crystals were by calculated using equation (3):

AR(xi/x;) = 228 3)

where x; and x; represent two of the crystallographic axes.

Scanning transmission electron microscopy (STEM) imaging was performed using a JEOL NeoARM 200
F microscope equipped with a Schottky-type field emission gun operated at an accelerating voltage of
200 kV. Microscope was aligned using a gold nanoparticles sample as the standard to reach atomic
resolution. The EX-37001 energy dispersive X-ray analyser connected to the STEM was used for the
EDX mapping of the samples. The Si/Al molar ratios of the reconstructed UTL samples were obtained
from four separate crystals for each sample and calculated as an average Si/Al molar ratio.

Elemental composition of the samples was analysed using Agilent 7900 ICP-MS instrument (Agilent
Technologies, Inc.). 50 mg of a sample were mixed with 1.8 mL of HNOs (67-69%, ANALPURE®), 5.4 mL
of HCl (34-37%, ANALPURE®), 1.8 mL of HF (47-51%, ANALPURE®), then transferred into a closed
Teflon vessel, placed in the Speedwave® XPERT microwave and heated at 210 °C with heating rate
5 °C/min for 25 min. After cooling down, the complexation of the excess HF was done by adding 12
mL of H3BOs and further treatment in the microwave at 190 °C (5 °C/min) for 10 min. Finally, the
obtained cooled down solutions were diluted for analysis.

The concentration and type of acid sites were determined by adsorption of pyridine as a probe
molecule. The content of the adsorbed pyridine was quantified by an FTIR analysis using
a spectrometer Nicolet 6700 AEM equipped with a DTGS detector. Prior to probe adsorption, the
samples were pressed into self-supporting wafers at a density of ca. 10 mg cm™ and activated in a
quartz IR cell under vacuum (107 Pa) at 450 °C for 2 hours. Pyridine adsorption proceeded at 150 °C
for 20 min at pyridine pressure of 3 Torr, followed by 20 min evacuation at 150 or 450 °C. The
concentrations of Brgnsted and Lewis acid sites in aluminosilicate samples were determined from the
integral intensities of individual bands representing vibrations of pyridine ring interacting with
Brgnsted acid sites at 1545 cm™ and with Lewis acid sites at 1455 cm™ and using the molar absorption
coefficients of €(B) = 1.67 + 0.1 cm pumol™ and g(L) = 2.22 + 0.1 cm pmol™, respectively. [121] The
spectra were recorded with a resolution of 4 cm™ after collecting 128 scans for each spectrum.

The solid-state Al NMR spectra were collected using a Bruker Advance Il HD spectrometer with a 9.4
T standard bore superconducting magnet. The spectra were collected at a resonance frequency of
104.2 MHz using strong and short 1 ps pulses, with 1.5 s repetition time and 4000 scans. The samples



were packed into a 3.2 mm zirconia rotor and rotated at a MAS rate of 15 kHz using a Bruker 3.2 mm
HX CP-MAS probe.

Argon adsorption-desorption isotherms were measured on a Micromeritics 3Flex volumetric Surface
Area Analyser at -186 °C in liquid argon bath. Before analysis, the samples were degassed on a
Micromeritics Smart Vac Prep instrument under vacuum at 250 °C for 8 hours with heating rate 1 °C
min~t under vacuum (3.102 mmHg minimum pressure). The specific surface area was evaluated using
BET method in the relative pressure range from p/po= 0.05 to p/po = 0.25. The micropore volume (Vmic)
was calculated using the t-plot method using the Harkins—Jura thickness equation. The total pore
volume (Viot) was calculated from the adsorbed amount at relative pressure p/po = 0.98. The pore size
distribution curves were calculated using Horwath—Kawazoe method and DFT pore size distribution
using Kernel model for argon adsorption on oxidic surface with slit-shaped pore geometry.

4.5. Adsorption of water vapour

Water-vapour adsorption experiments were carried out using the Micromeritics ASAP 2020
volumetric adsorption analyser. Before analysis, the samples were outgassed under vacuum and
gradual heating by 1 °C.min™t from ambient temperature to 300 °C and for 8 h at the final temperature.
The experiment consisted of interchanging N, and H,O adsorption measurements in the following
sequence: N,—-H,0-N,-H,0-N,. The outgassing was repeated after collecting each isotherm. The N,
adsorption measurements were performed in a liquid nitrogen bath at -195.8 °C; whereas, the H,0
adsorption experiments were conducted at 20 °C in a thermostat. The sample BET area was evaluated
by using the BET method from adsorption data in the relative pressure (p/po) range from 0.05 to 0.20.
The volume of micropores (Vmic) and the external surface area (Sext) were calculated by using the t-plot
method using the Harkins-Jura thickness equation and the total pore volume (Vit) was calculated
from the adsorbed amount at p/po = 0.95). The pore size of the samples was evaluated using the DFT
pore size distribution using Kernel model for nitrogen adsorption on oxidic surface with slit-shaped
pore geometry.

The amounts of irreversibly bound water molecules were calculated from the adsorbed amounts per
unit cell at p/po=0.008 on the desorption branch of the isotherm. The maximum numbers of reversibly
adsorbed water molecules were extrapolated from the “knee” of the adsorption branches of the
isotherms, between the low and high water-intake regions. For quantifying the relative strength of
interaction between the water and individual samples, the water adsorption potential distributions,
X, were calculated based on equation (1):

dan

X= (1)

dA
where n stands for the amount adsorbed and A is the adsorption potential. [122-124] The adsorption

potential is described by equation (2):

A= —RT.In (ﬂ) 2)

Do

where T is the thermodynamic temperature of the measurement, R is the universal gas constant, and
po is the saturation pressure of water at 20 °C equal to 2.333 kPa.



4.6.Catalytic experiments

Tetrahydropyranylation of 1-decanol was used as a model reaction to test the catalytic performance
of the reconstructed UTL samples. The experiments were performed in liquid phase under an
atmospheric pressure at 60 °C on the Multi-experiment workstation Starfish™. The catalyst was
activated at 450 °C in air for 90 min prior to each experiment. Typically, 50 mg of catalyst were added
into a three-neck 25 mL bottle. The bottle was equipped with a condenser and a thermometer.
Subsequently, 0.25 g of internal standard (mesitylene) and 10 mL (110 mmol) of 3,4-dihydro-2H-pyran
were added. The reaction was initiated by adding 1-decanol (4.5 mmol). Samples of the reaction
mixture were taken periodically, centrifuged to separate the catalyst, and analysed using Agilent
7890B GC gas chromatograph equipped with an autosampler, an HP-5 column (30 m length, 0.320 mm
diameter, and 0.25 um film thickness) and a flame ionization detector.



5. Results and Discussion

5.1.Assembly — modification of UTL germanosilicate morphology

We aimed to identify factors that affect the crystal growth of the UTL zeolite and develop a method
for controlling its crystal morphology. As a reference, we first synthesised UTL germanosilicate zeolite
from a synthesis gel with Si/Ge = 2 molar ratio. The elemental analysis of the resulting sample showed
Si/Ge molar ratio in the zeolite 3.22, thus this reference sample is hereafter denoted UTL (Si/Ge =
3.22). Properties of the resulting sample including crystal structure, elemental composition, textural
properties and morphology were characterized by X-Ray diffraction, ICP-MS analysis, argon
adsorption-desorption and SEM, respectively. The powder XRD pattern of the sample (UTL (Si/Ge =
3.22)) exhibited reflections characteristic of UTL framework (Figure 6A). [19] Additionally, the XRD
pattern revealed no sign of any secondary phases in the sample. The textural properties of the sample
derived from the Ar adsorption isotherm (Figure 6B) were BET area 520 m?/g and volume of
micropores 0.21 cm3/g, typical for UTL zeolites reported in literature. [106, 107] Scanning Electron
Microscopy imaging of the UTL (Si/Ge = 3.22) revealed characteristic flat rectangular crystals with an
average size 43.7 x 32.5 x 0.84 um (Figure 7A) also in agreement with the literature. [68, 106] This
sample was chosen as a reference for subsequent experiments with modification of the crystal
morphology.
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Figure 6: A) powder X-ray diffraction pattern and B) argon adsorption-desorption isotherm of the UTL
(Si/Ge = 3.22) sample.

The commonly studied method for modifying zeolite crystal morphology uses growth modifiers as
additives during the hydrothermal synthesis. The growth modifiers interact with specific crystal planes
of the zeolite during synthesis and restrict the crystal growth along respective axis. This can be
illustrated on the growth of zeolite LTL which provides flat or rod-like crystals when modified with
butylamine and poly(diallyldimethylammonium chloride), respectively. [125] However, successful
application of these growth modifiers has not been demonstrated on other zeolites beside LTL, raising
doubts about their general applicability in zeolite synthesis.
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Figure 7: SEM images of A) unmodified UTL (Si/Ge = 3.22) and UTL samples modified with B) 1,5-
pentanediol, C) 1,5-diaminopentane, D) pentanoic acid and E) L-lysine, and F) powder XRD pattern of
respective samples.

We assessed the applicability of the method on synthesis of zeolite UTL by carrying out several
synthesis batches containing 1,5-pentanediol, 1,5-diaminopentane, pentanoic acid and L-lysine as
growth modifiers (GM) with GM/Si = 0.21 in otherwise identical synthesis mixtures. Each synthesis
yielded flat UTL zeolite crystals 23 x 23 x 0.7 um in size on average. The SEM imaging further showed
that samples modified with 1,5-diaminopentane and L-lysine contained small particles of an
amorphous matter (Figure 7C) likely due to different crystallization rate or impaired phase-selectivity



in the presence of the modifiers. However, no sample showed any significant change in crystal
morphology compared to the unmodified synthesis (Figure 7). In summary, we conclude that the
growth modifiers, despite showing great potential for modification of zeolite LTL are insufficient for
modifying the morphology of UTL.
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Figure 8: A) powder XRD patterns of UTL samples with varying Si/Ge ratio; B) correlation between the
synthesis gel Si/Ge ratio and the Si/Ge of the solid sample; C) Argon adsorption-desorption isotherms
and D) DFT pore size distributions of the UTL samples with varying Si/Ge.

Previously published studies on the synthesis of the UTL zeolite indicate that its Si/Ge ratio may
influence the crystal morphology. Nevertheless, the assumption was never verified. [106] Hence, we
prepared a set of UTL samples with varying Si/Ge ratios to test this hypothesis. Synthesis gels with
Si/Ge ratio ranging from 0.33 to 7 yielded solid samples which possessed the UTL structure according
to the powder XRD analysis (Figure 8A). The XRD of samples with synthesis gel Si/Ge < 1 also contained
an impurity which we identified as germanium oxide (characteristic reflections at 26 = 26.1°, 36.1°,



37.9°and 39.0° [126]). The elemental analysis revealed that the actual Si/Ge ratio of the solid samples
ranged from 0.79 to 12.8. UTL samples with Si/Ge from 1.80 to 3.60 exhibited linear dependence
between the Si/Ge ratio of the zeolite on the Si/Ge ratio of the synthesis mixture with the synthesis
gel being slightly richer in germanium (Figure 8B, Table 3). Nevertheless, the UTL samples with solid
Si/Ge < 1.80 deviated from the trend and contained proportionally more germanium. We
hypothesized that the excess of germanium originates from the competing germanium oxide phase.
However, the ICP-MS elemental analysis cannot distinguish framework germanium from bulk
germanium oxide leaving us no means to verify the assumption. On the opposite side, the sample with
Si/Ge = 12.8 contained unexpectedly high amount of Si which we attributed to competing silicon oxide
phase formation observed in SEM images (vide infra). The presence of non-porous secondary phases
such as germanium or silicon oxide is apparent from the decreased pore volumes of respective
samples (Figure 8C, D, Table 3) supporting our hypothesis. The occurrence of competing phases in
samples with the highest and lowest Si/Ge delimitates the range of Si/Ge where pure UTL formation
is feasible by the hydrothermal method.

Table 3: Elemental composition, textural properties (Ar adsorption-desorption) and average crystal
size of UTL samples with varying Si/Ge ratio.

Si/Ge Textural properties Crystal size

BET S external Vv total Vv micro

Synthesis  Solid e | e | i | s a (um) b (um) ¢ (um)

0.33 0.79 250 8.6 0.11 0.10 0.17 30.1 23.0
0.50 1.80 442 15 0.20 0.17 0.20 25.5 15.1
1.0 2.55 494 42 0.22 0.19 0.33 34.8 25.8
2.0 3.22 520 42 0.23 0.21 0.84 43.7 32.5
3.0 3.60 505 38 0.23 0.20 1.20 44.8 34.9
4.0 4.75 480 45 0.22 0.20 1.65 42.1 30.5
5.0 5.26 430 66 0.23 0.15 3.60 65.5 39.7

7.0 12.8 162 49 0.12 0.03 5.39 78.6 26.7



vl

f

Figure 9: SEM images of UTL with Si/Ge varying from 0.79 to 12.8

We used the SEM to characterize the crystal size and morphology of the UTL samples. All UTL samples
consisted of flat rectangular crystals of uniform size. Typical crystals consisted of smaller crystalline
lamellas intergrown into larger flat crystals (Figure 9). Samples with Si/Ge > 4.75 also contained a
second phase in a form of clumps without a definite shape. The second phase may either be a



precursor or competing phase in the UTL crystallization. The average size of the UTL crystals
significantly increases along a-axis (thickness) from 0.17 um to 5.39 um with increase of Si/Ge ratio
from 0.79 to 12.8. We calculated aspect ratios of the crystals in order to more rigorously assess the
dependence of the crystal morphology on the Si/Ge ratio (Figure 10). The crystals showed the smallest
variation in size along the c-axis; therefore, we used it as a reference for calculation of the aspect

ratios.
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Figure 10: A) variation of a/c and B) b/c aspect ratios of the UTL crystals with Si/Ge; C) Schematic
representation of UTL with projections along a-, b- and c-axes.

The UTL zeolite undergoes two major changes of crystal morphology with increasing Si/Ge ratio. First,
the b/c aspect ratio increases with increasing Si/Ge (Figure 10). We attributed the pronounced growth
along the b-axis to the lower density of t-cub (D4R) units along the b-axis. Germanium is crucial for the
formation of D4Rs and therefore decreasing the germanium content (i.e. increasing the Si/Ge) favours
the expansion of the crystal along the b-axis (less abundant in the D4Rs) relatively to the c-axis.
Second, the a/c aspect ratio also increases with the increasing Si/Ge. This phenomenon stems from
different relative growth rate of the pcr layers oriented along the bc-plane and the interlayer
connections along the ag-axis. For simplicity, we considered layer growth (along the bc-plane) and 3D



growth (along a-axis) separately. The layer growth proceeds through the formation of small t-tes, t-pes
and t-non cages. In contrast, 3D growth consists of relatively rapid formation of D4R (t-cub) units and
comparably slower formation of large cages in between the pcr layers (i.e., t-utl-1, t-utl-2, t-utl-3 or t-
utl-4). The presence of the large cages impedes the growth of the crystal along the a-axis, generating
the typical flat UTL crystals. According to our observations, higher Si/Ge ratio (i.e. higher silicon
content) encourages the formation of the large interlayer cages and thereby promotes the crystal
growth in perpendicular to the pcr layers.

Literature provides several examples of other zeolites that exhibit similar change in crystal
morphology in relation to Si/T ratio. Zeolite LTL (12R pores) crystalizes in a form of hexagonal rods
elongated along the direction of the pores. Increased Si/Al ratio promotes crystal growth of the zeolite
in perpendicular to the pores, resulting in thickening of the LTL crystals. [127] Analogously, IFR zeolite
(12R pores) exhibits pronounced crystal growth in perpendicular to the direction of the pores in
response to increasing Si/Al ratio. [128] MWW (10-10R) zeolite also displays a dependence of its
crystal morphology on the Si/Al ratio. However, this case is more complicated, because the Si/Al
influences not only the crystal morphology but also the structure of the MWW. Low aluminium
content favours formation of MCM-22P, a semi-ordered layered precursor to MWW. On the other
hand, high aluminium content promotes formation of disordered unilamelar MCM-56 as an
intermediate which subsequently transforms to three-dimensional MCM-49 framework. Essentially,
the aluminium facilitates formation of the interlayer connections. Nevertheless, the aluminium also
decelerates the crystal growth in direction perpendicular to the layers. This causes the MWW crystals
to become thinner with decreasing Si/Al ratio. [129-131]

Intensity [Counts)

0000 5000 10000 15.000
Destance{um)

Figure 11: A) SEM image, B) EDX map of Ge and C) Si of a UTL (Si/Ge = 3.22) crystal; D) profile of the Si
and Ge content across the crystal volume.



Additionally, Schunk et al. observed analogous behaviour on silico-aluminophosphate SAPO-5 with the
AFI structure (12R pores). The hexagonal rod-like crystals of SAPO-5 also showed increased growth in
perpendicular to the pores as a result of increased Si content. However, the relatively low content of
Si in the SAPO-5 along with the aluminophosphate nature of the material raises doubts whether this
observation can be related to our observation on the UTL and the other zeolites or whether the
mechanism differs. The authors showed that the silicon resides predominantly in the outer zones of
the SAPO-5 crystals while the core is depleted of silicon. They deduced that the silicon incorporates
into the crystal in later stages of the synthesis and then slows down the growth rate along the direction
of the pores. [132] We performed an elemental mapping of the UTL crystals to examine the silicon
and germanium distribution throughout the crystals (Figure 11). However, our results showed no
significant discrepancy in distribution of the elements throughout the crystal. This suggests that the
evolution of UTL and SAPO-5 crystal morphology arise from a different mechanism.

The above examples demonstrate that zeolites with one- or two-dimensional pore system undergo
predictable evolution of their crystal morphology with Si/T molar ratio. However, the data do not
disclose whether the morphology evolution emerges due to the dimensionality of the channel system
(one- or two-dimensional) or whether the uneven building units (presence of cavities etc.) of the
zeolites affect the crystal growth. We hypothesized that if the uneven crystal growth originated from
the geometry of the building units even zeolites with anisotropic (i.e. uneven pore size along different
spatial directions) three-dimensional pore system would exhibit analogous behaviour. We chose the
IWW zeolite with 12-10-8R pore system as test sample to verify our hypothesis. [133] Based on the
topology of the IWW (Figure 12A), we estimated that the crystals will be elongated along c-axis in
parallel to the largest 12R pores. Additionally, according to our hypothesis the row of large building
units arranged long bc-plane (Figure 12B) should restrict the crystal growth along a-axis. SEM imaging
of IWW zeolite with Si/Ge = 4 revealed intergrown 0.16 x 2.36 x 1.34 um large rectangular crystals
(Figure 12D). We identified the crystallographic axes using TEM imaging and confirmed that the crystal
is elongated along b- and c-axes and narrowed along the a-axis (Figure 12C). In contrast, the IWW with
the Si/Ge ratio 6 formed crystals with size 0.38 x 2.79 x 1.50 um (Figure 12E). The thickness along the
a-axis increased proportionally more than the b- and c-axis with increasing Si/Ge ratio and, thereby,
confirmed our hypothesis.



250 nm

Figure 12: a) IWW structure; b) arrangement of the building units in the IWW structure; c) TEM image
of IWW crystal with projection of IWW topology along ab-plane; d) SEM image of IWW (Si/Ge = 4); e)
SEM image of IWW (Si/Ge = 6).



5.2.Disassembly — water-vapour adsorption on UTL germanosilicates

For the next study, we investigated the hydrolytic stability/lability of the UTL germanosilicate and the
mechanism of its hydrolysis under varying water content and with varying Si/Ge ratio. We prepared a
set of UTL zeolites with Si/Ge molar ranging from 2 to 50. UTL samples with Si/Ge < 6 were synthetized
by direct hydrothermal synthesis. However, the hydrothermal method can only provide UTL up to
approximately Si/Ge 12.7 (see page 22). Therefore, we prepared the samples with higher Si/Ge molar
ratios by repeated post-synthetic stabilisation (degermanation-resilylation) of the directly-synthesised
UTL. [79] The powder XRD of all samples showed diffraction patterns typical for the UTL topology
(Figure 13A). Elemental analysis revealed that the directly synthesised samples possess Si/Ge ratios
2.5 and 4.5 and the post-synthetically modified UTL Si/Ge = 18.5 and 53.
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Figure 13: A) powder XRD patterns and B) N, adsorption isotherms of UTL samples with varying Si/Ge

ratio.

Table 4: Si/Ge and textural properties of the UTL samples

et BET v o v rico

(m?/g) (ecm®/g) (ecm>/g)
UTL (Si/Ge = 2.5) 2.50 497 0.24 0.21
UTL (Si/Ge = 4.5) 4.52 504 0.24 0.22
UTL (Si/Ge = 18.5) 18.48 327 0.24 0.13
UTL (Si/Ge = 53) 53.15 150 0.13 0.07

UTL (Si/Ge = 2.5) and UTL (Si/Ge = 4.5) also possessed textural properties typical for UTL zeolite such
as BET area 497 and 504 m?/g and micropore volume 0.21 and 0.22 cm?/g, respectively (Table 4). The
argon adsorption provided type | isotherms typical for purely microporous materials (Figure 13B). In
contrast, UTL (Si/Ge = 18.5) and UTL (Si/Ge = 53) exhibited lower micropore volume 0.13 and
0.07 cm3/g, respectively. The samples provided type Il isotherms with hysteresis loops at higher
pressures which implied the presence of structural defects originating from the post-synthetic



treatment. The formation of defects is accompanied by partial decrease of crystallinity of the samples
as illustrated by the lower intensities of the XRD reflections and lower micropore volumes (Figure 13,
Table 4).

5.2.1. Reversibility of adsorption

The adsorption of water vapour on the UTL (Si/Ge = 2.5) provided an unusual type V isotherm with a
wide unclosed hysteresis loop between p/po 0.4 and 0.0 (Figure 14A). The adsorption of water on the
UTL can be divided into three consecutive phases. In the first phase bellow p/po = 0.35, only a small
amount of water adsorbed on the UTL. However, the adsorbed amount abruptly increased after
reaching p/po = 0.35 (phase II). The steep increase in water adsorption continued until p/po = 0.45
where the adsorption isotherm levelled off to a plateau (phase Ill). The isotherm showed a
pronounced hysteresis loop bellow p/po = 0.45 during desorption. Moreover, the desorption branch
did not close, meaning that significant amount of water remained trapped in the sample after
completing the adsorption-desorption cycle.
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Figure 14: A) Isotherm of water vapour adsorption on UTL (Si/Ge = 2.5) and B) scanning of the isotherm
hysteresis with maximum p/po = 0.30, 0.33, 0.34 and 0.41.

We performed a scanning of the hysteresis loop in order to examine the reversibility of the water
adsorption of the UTL. We repeated the water vapour adsorption experiment multiple times with
gradually increasing the maximum relative pressure from p/po = 0.2 to 0.9. The adsorption-desorption
isotherms with maximum p/po < 0.30 showed no hysteresis and no irreversibly adsorbed water (Figure
14B), meaning that the adsorption was fully reversible. Ergo, we can deduce that the phase | involves
only physisorption of water. In contrast, isotherms with p/po > 0.30 showed pronounced hysteresis
loop with unclosed desorption branch. The amount of irreversibly adsorbed water was proportional
to the amount adsorbed at the maximum pressure. This proves that water adsorbs irreversibly onto
the UTL at p/po > 0.30. Characterization of the UTL after the experiment by XRD and N, adsorption
evidenced that the crystallinity as well as micropore volume of the zeolite decreased upon the water-
vapour adsorption (Figure 15, Table 5). This shows the water adsorbed at phase Il causes changes to
the structure of the germanosilicate.
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Scheme 2: lllustration of the equatorial and axial mechanism of D4R hydrolysis. [134]

In summary, the experiments on UTL (Si/Ge 2.5) revealed that water adsorbs reversibly onto the
germanosilicate at low relative pressure (p/po < 0.35). The adsorption becomes irreversible, reactive,
only at pressures p/po > 0.35. The reactive adsorption of water induces structural changes to the
zeolite which eventually result in decrease of its crystallinity. The crystallinity decreases as a result of
hydrolysis of labile Ge-O bonds in the Ge-rich D4R units in the UTL framework. [74] The hydrolysis of
Ge-0 bonds consumes water which explains why certain amount of water cannot be desorbed after
the adsorption-desorption cycle. We compared our results with theoretical calculations on hydrolytic
stability of the UTL. From the combined results we disclosed that the hydrolysis at low water content
proceeds through equatorial mechanism. This mechanism provides unstable product with two
hydroxyl groups in close proximity which are prone to re-condensation (Scheme 2). In contrast, high
water content enables axial reaction mechanism which involves proton transfer over a chain of water
molecules and provides more stable product where hydroxyl group recondensation is unfavourable.
[134]
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Figure 15: Powder XRD patterns of the UTL samples before and after (“spent”) 2" water-vapour

adsorption cycle.

5.2.2. Hydrolytic stability and germanium content

Subsequently, we performed the water vapour adsorption on the UTL samples with varying Si/Ge
molar ratio. The UTL (Si/Ge = 4.5) exhibited analogous behaviour to the UTL (Si/Ge = 2.5); the type V
adsorption isotherm with unclosed hysteresis loop bellow p/po = 0.4 (Figure 16A) and loss of
crystallinity and micropore volume upon completing the adsorption-desorption cycle (Figure 15, Table
5). In contrast, samples UTL (Si/Ge = 18.5) and UTL (Si/Ge = 53) showed virtually no difference in
micropore volume before and after the water adsorption. The XRD also proved that the samples
retained the UTL structure after the water adsorption-desorption cycle. This bimodal behaviour, with
UTL (Si/Ge = 2.5) and UTL (Si/Ge = 4.5) collapsing upon water adsorption on one hand and UTL (Si/Ge
=18.5) and UTL (Si/Ge = 53) being resistant on the other, implies the existence of critical Si/Ge which
delimitates hydro-labile Ge-rich UTL from hydrolytically stable Ge-poor UTL.
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Figure 16: 15 and 2" cycle of water vapour adsorption-desorption on UTL samples with varying Si/Ge

ratio.

The second adsorption-desorption cycle of water vapour provided type | and Il isotherms for all
samples (Figure 16B). The higher adsorption at low pressure indicates that hydrophilicity of the
materials increased after the first cycle. We theorized that the materials became more hydrophilic as
a result of hydrolysis of the labile Ge-O bonds in the D4Rs. The hydrolysis of the Ge-O bonds produces
two polar Ge(OH) or Si(OH) groups and thereby increases the hydrophilicity of the material. The
adsorption isotherms also showed no unclosed hysteresis, meaning that the water adsorption was

fully reversibly during the second cycle.



Table 5: Textural properties of the UTL samples before and after 15 and 2™ cycle of water vapour

adsorption.

BET V micro V total

(m?/g) (cm®/g) (cm®/g)
UTL (Si/Ge = 2.5) 497 0.21 0.24
1%t cycle 203 0.09 0.10
2" cycle 212 0.09 0.10
UTL (Si/Ge = 4.5) 504 0.22 0.24
1%t cycle 327 0.15 0.16
2" cycle 312 0.14 0.15
UTL (Si/Ge = 18.5) 327 0.13 0.24
1% cycle 296 0.12 0.22
2" cycle 293 0.12 0.22
UTL (Si/Ge = 53) 150 0.07 0.13
1%t cycle 136 0.05 0.12
2" cycle 137 0.05 0.13

Further analysis of the adsorption isotherms from the first cycle revealed that the number of reversibly
adsorbed molecules (Phase |) decreased linearly with the number of germanium atoms per unit cell
(Figure 17A). The germanium is the source of the framework lability. Therefore, increasing germanium
content also raises the susceptibility of the framework to hydrolytic attack and hence reduces its
ability to reversibly adsorb water without undergoing structural changes. In addition, the number of
irreversibly bound water molecules (after the adsorption-desorption cycle) also varied with the
germanium content of the zeolite (Figure 17B). Higher germanium content leads to higher number of
water molecules consumed by the Ge-O bond breaking. Nevertheless, the irreversibly adsorbed water
amount showed logarithmic dependence on the germanium content suggesting that the relationship
is more complex. We hypothesized that the arrangement of the germanium within the D4Rs affects
the number of water molecules required for the hydrolysis.

The Si/Ge ratio also affected the relative pressure range at which the major water uptake (Phase Il)
occurred. The critical relative pressure increased from 0.35 in UTL (Si/Ge = 2.5) to 0.42 in UTL
(Si/Ge =53). We calculated the Polanyi adsorption potential distributions from the isotherms in order
to quantify the difference between individual samples more accurately. [122] The maximum of the
adsorption potential distribution shifted toward lower values with the increasing Si/Ge molar ratio,
implying weaker interaction between the adsorbed water and the zeolite (Figure 17C). The adsorption
potential distribution of the UTL (Si/Ge = 2.5) resembled narrow Gaussian curve indicating relative
homogeneity of the adsorption sites. In contrast, the distribution curves of samples with higher Si/Ge
contained shoulders or additional peaks meaning the adsorption sites are more energetically



heterogeneous. The heterogeneity of the adsorption sites in the samples with Si/Ge from 4.5 to 53
likely originates from uneven distribution of the germanium within the D4Rs.

While UTL (Si/Ge = 2.5) contains enough germanium to fill all the D4R positions with germanium,
samples with Si/Ge = 4.5 and lower contain both germanium and silicon in the D4R framework

positions. Different arrangements of silicon and germanium within the D4Rs create energetically
heterogeneous sites. [72, 76]
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Figure 17: A) Number of reversibly and B) irreversibly adsorbed water molecules as a function of the

number of germanium atoms per unit cell; C) adsorption potential distributions of water on UTL; D)
maxima of adsorption potential distributions against Si/Ge of the sample.

We plotted the maxima of the adsorption potential distributions against the Si/Ge ratio of the samples
to show the relation between the relative strength of water adsorption and Si/Ge (Figure 17D). The
graph showed a striking difference between the Ge-rich and Ge-poor UTL samples. On one hand, the



Ge-rich samples showed strong dependence of the maximum potential value on the Si/Ge. On the
other hand, the potential maxima of the Ge-poor samples showed significantly lower dependence.
We interpolated the values by a linear fits, which intersected at Si/Ge = 8.54 corresponding to
approximately four germanium atoms per D4R. Minimum of four germanium atoms in suitable
positions in the D4R are required for successful hydrolysis and separation of the UTL into isolated
layers. Our results confirm that assumption by showing that Si/Ge = 8.54 is the borderline between
hydro-labile Ge-rich and hydrolytically stable Ge-poor UTL.

5.3.Slow Disassembly of UTL germanosilicate
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Figure 18: A) XRD patterns of UTL treated with pure alcohols for 24 h at 60°C; B) evolution of the
d-spacing of UTL treated with methanol solution of varying concentrations and in C) 20 % and D) 60 %
alcohols.



In the subsequent study we developed a method for controlling the rate of hydrolysis (disassembly)
of the UTL germanosilicate. The hydrolysis typically proceeds rapidly in water or water-based solution
of acid, transforming the UTL into the layered IPC-1P within several minutes. The rapid disassembly
makes it difficult to control or study. We used UTL zeolite with Si/Ge = 4.5 (characterization provided
in 5.2.2.) and attempted the disassembly in alternative media including pure alcohols. Treatment with
100 % methanol, ethanol and i-propanol did not cause any structural transformation (Figure 18A) as
a result of their lower proton donating ability compared with water. The transformation of UTL into
the layered precursors is most notably reflected by shift of the 200 reflection in the powder XRD from
6.14° 2 theta to higher values. However, no such shift occurred during the 24h treatment with pure
alcohols suggesting the disassembly has been completely suppressed.

Since we observed no disassembly in pure alcohols we hypothesized that diluting the alcohol with
defined amount of water would create a solution in which the hydrolysis would proceed in reduced
rate correlated with the water content. We prepared solutions of 60, 40 and 20 % methanol and used
them for new set of experiments to test the hypothesis. The 200 reflections of the collected samples
progressively shifted to higher 20 values. The evolution of d-spacing calculated from the 200 reflection
positions of the calcined samples is depicted in Figure 18B. All experiments showed gradual decrease
of d-spacing over 24 h with significantly reduced rate compared to disassembly in water. The solution
of 20 % methanol caused the most rapid disassembly of the UTL producing IPC-1P after 24 h and
subsequently PCR zeolite upon calcination. Solutions of 40 and 60 % methanol also caused a
disassembly of the UTL to layered precursors but with slower rate leading to structures close to IPC-6
(*¥PCS) zeolite (Scheme 3).

Table 6: Textural properties of the samples of UTL treated with pure i-propanol at 60°C determined
by argon adsorption.

Time BET (m*/g) Sext (M?/g) Viot (cm*/g) Vimic (cm?/g)
/ (parent UTL) 526 41 0.23 0.22
1h 374 40 0.17 0.16
3h 326 46 0.15 0.13
5h 337 41 0.15 0.14
18 h 325 42 0.15 0.13
24 h 319 39 0.15 0.13

The type of the alcohol also affected the rate of the disassembly. The solutions of methanol provided
the fastest rate of disassembly followed by ethanol and i-propanol (Figure 18C,D). For example, the d-
spacing of zeolite treated with 20% solution of methanol decreased to 9.5 A after 24 h. In contrast,
samples treated with 20% ethanol and i-propanol displayed d-spacing 10.2 and 10.6 A, respectively.
We hypothesized that the kinetic diameter of the alcohol (MeOH (3.6 A) « EtOH (4.4 A) <
iPrOH (4.7 A)) may affect the solvation of the leeched Ge species or that the polarity of the alcohol
(MeOH (0.76) > EtOH (0.65) > iPrOH (0.55)) may decrease the solubility of the leeched germanium
species and thus impede its diffusion from the interlayer space. Alternatively, the acidity of the



respective alcohols may be responsible (pKa (MeOH) = 15.5 < pK, (EtOH) = 15.9 < pK, (iPrOH) = 16.5).
[135]
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Scheme 3: Slow transformation of UTL to IPC-7, IPC-2 (OKO), IPC-6 (*PCS) and IPC-4 (PCR) by gradual
reduction of the pore size.

The solutions of alcohols with water enabled to decelerate disassembly of the UTL which consists of
removal of Ge from the framework and gradual reduction of d-spacing and pore size of the zeolite.
However, the collected samples suffered from poor textural properties, particularly low pore volumes,
due to deposition of the leeched Ge species inside the zeolite channels (Table 6). The leeched
germanium formed germanium oxide/hydroxide species which poorly dissolves in the water-alcohol
solution. The poor solubility resulted in deposition of the germanium species in the micropores and
subsequent blockage of the channel system. In order to tackle this issue, we replaced the water-
alcohol solution with water-free solution of HCl in EtOH. The HCI/EtOH reacted with the leeched
germanium to form germanium alkoxychlorides and germanium tetrachloride. These compounds are
highly soluble in the mixture and therefore do not cause pore blockage in the produced materials.
Simultaneously, the HCI/EtOH solution exhibited analogous behaviour to the water-alcohol system,
enabling gradual shift of the 200 reflection towards higher values and corresponding decrease in d-
spacing of the sample over 16 days (Figure 19A,B).
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Figure 19: Evolution of A) powder XRD patterns and B) evolution of d-spacing of the samples recovered
from hydrolysis of UTL in 1.25 HCI/EtOH solution at 0 °C.
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The argon adsorption analysis also confirmed the reliability of the method. Each sample provided type
| isotherm typical for purely microporous materials. The BET area and micropore volume of the
collected samples showed a steady declining trend between 0 and 20 days of the treatment reflecting
the gradual decrease of the pore diameter of the produced zeolite. The zeolite structure and pore
volume ceased to change after 20 days of treatment. We theorised that at that point, the system
reached equilibrium between the leeching of the framework germanium and reinsertion of the
leeched germanium from the solution into the structure. This suppresses further structural
transformation and provides a material with structure resembling those of PCR and IPC-6frameworks.
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Figure 20: A) Argon adsorption isotherms and B) evolution of BET and micropore volume of the
samples recovered from hydrolysis of UTL in 1.25 HCI/EtOH solution at 0 °C.

The replacement of water-alcohol solutions with HCI/EtOH thus provided a means to gradually
decrease the pore size of UTL (Scheme 3) and transform it into daughter zeolites with higher Ge
content (i.e. UTL (Si/Ge = 4.5) < IPC-7 (Si/Ge = 6.3) < OKO (Si/Ge = 8.0) < *PCS (Si/Ge = 16.0)) compared
to the conventional ADOR transformation (Si/Ge = 80-100) but with similar structural and textural
properties. [83, 111]

5.4.Reverse ADOR — reconstruction of UTL framework from IPC-1P

Subsequently, we focused on development of “reverse ADOR” transformation of the layered
precursor IPC-1P to the three-dimensional UTL zeolite. The disassembly of UTL zeolite into the layered
precursor IPC-1P is accompanied by decrease in the d-spacing between the pcr layers from 14.4 A in
the UTL to 10.5 A in the IPC-1P. This manifests as a shift of the interlayer 200 reflection in the XRD
pattern from 6.14°to 8.41°. Prolonged treatment may result in re-insertion of the leeched Si species
in between the layers and subsequent rearrangement of the IPC-1P to IPC-2P with d-spacing 11.8 A.
[112, 136] Nevertheless, the d-spacing never increases to the original distance of the UTL thereby
preventing restoration of the structure. Therefore, we aimed to increase the d-spacing artificially in
order to make the reconstruction possible.

—_

cm3/g

Vmic (



5.4.1. Expansion of interlayer space

Previous studies have demonstrated that the interlayer spacing of layered materials, including 2D
zeolite precursors, can be altered by intercalation of organic agents, most commonly
cetyltrimethylammonium, into the interlayer space. [137-139] However, the surfactant molecules
with long hydrocarbon chains are flexible and the spacing they provide is sensitive to pH of the
environment. It may produce disorders or uneven spacing. Ergo, in our study we chose to use more
rigid intercalating agents such as tetrabutylammonium cations.
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Figure 21: powder XRD patterns of the UTL hydrolysis to layered IPC-1P and its intercalation with
TBAOH.

The intercalation of tetrabutylammonium hydroxide into the IPC-1P increased its d-spacing from 10.5
to 13.9 A reflected by shift of the 200 diffraction peak from 8.41 to 6.37° 20 (Figure 21). The d-spacing
of the intercalated material (labelled as IPC-1TBA) is relatively close to that of UTL zeolite.

Nevertheless, the intercalation suffered from poor yields and quality of the material as a result of the
basic environment during the intercalation. The basic pH is necessary in order to deprotonate the IPC-
1P layers and to break the H-bonds between them. However, it also causes desilication of the material.
The desilication removes silicon atoms from the framework and creates defects in the material. This
method is commonly used for introduction of mesopores into zeolites to enhance their external
surface area. However, in our case it detrimentally affects the quality of the material causing a
decrease and eventually complete loss of crystallinity.
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Figure 22: Powder XRD patterns and positions of 200 diffraction lines of the intercalated material as a

function of time.

One way for tackling this obstacle includes minimising the contact time of the material with the
solution. Our results showed that the position of 200 reflection of the intercalated material gradually
increases with treatment time up to 6 hours (Figure 22). After 6 hours of the treatment, the peak
position remains constant implying that the intercalation is complete. In essence, longer treatment
does not improve the spacing of the IPC-1TBA but only results in deterioration of the crystallinity of

the material.
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Figure 23: powder XRD patterns of IPC-1P samples intercalated with TBAOH of varying concentrations.



Second, we optimised the concentration of the TBAOH solution (Figure 23). We performed the
intercalation with solutions with TBAOH content from 40 to 2 %. Intercalation with 40, 20 and 10 %
solution of TBAOH resulted in the IPC-1TBA with d-spacing of 13.9 A (6.37° 26). The 5 % solution also
showed a reflection at the same angle; however, another interlayer reflection near 7.1° appeared
suggesting incomplete intercalation. The decreasing the TBAOH concentration to 2 % resulted in
splitting of the interlayer reflection into two at 6.37° and 8.41°.
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Figure 24: Dependency of the yield of the IPC-1TBA (mpc-1t8a/Mipc-1p) 0N silica content in the solution.

Last but not least, we countered the dissolution of the material by adding colloidal silica into the
TBAOH solution. The additional silica saturated the solution with Si species prior to the intercalation.
The presence of the Si species in solution changed the chemical equilibrium of the system and
decreased the rate of IPC-1P dissolution. We performed a set of intercalation experiments with
different SiO, content in the mixture to find the optimal concentration. The yield of the intercalated
material increased proportionally to the SiO, content in the mixture up to 20 % SiO, (Figure 24). The
mixture with 20 % SiO, provided near 100 % yield of the solid (i.e. Mipc.1tea/Mipc-1p) and further addition
of the colloidal silica did not cause any changes to the yield. Nevertheless, we speculate that excess
SiO, content may result in deposition of amorphous silica onto the material and interfere with
subsequent experiments. Therefore, we settled for 15 % SiO; in the solution which provided 80 % yield
of the solid but should minimise the silica deposition.

5.4.2. Reconstruction of D4R units

The IPC-1TBA possesses d-spacing similar to that of UTL structure but it lacks interlayer connections,
the D4Rs. Therefore, the second step in the restoration of the UTL structure involves reconstructing
the D4R between the layers. We explored several different methods for formation or introduction of
the D4Rs into the interlayer space including stabilisation with germanium, stabilisation with fluoride
anions and connection with polyhedral silsesquioxanes (POSS).



Stabilisation with germanium

Numerous zeolites with D4R in their structure, including the UTL, crystalize as germanosilicates. The
germanium can stabilise strained building units such as D4Rs or D3Rs in the zeolite and thereby
facilitate the formation of such zeolites. [87] Moreover, cubic precursors to D4R units form in the
zeolite synthesis mixture upon addition of germanium almost instantly. [95] Therefore, germanium
was a good candidate for reconstruction of the D4R units in between the IPC-1TBA layers.
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Figure 25: Powder XRD patterns of UTL samples stabilised by mixture of DEDMS and germanium oxide
or germanium methoxide. Asterisks (*) mark the reflections of GeO, phase.

The Ge-0 bonds are prone to hydrolytic attack in aqueous environment; therefore, we carried out the
reconstruction under anhydrous conditions, using a solution of HCl in ethanol, to protect the newly
formed Ge-O bonds from hydrolysis. We tested germanium oxide and germanium methoxide as
sources of germanium in combination with diethoxydimethylsilane (DEDMS) in 1:1 molar ratio for the
reconstruction. We subsequently calcined the materials to remove the TBA cations. Both Si-Ge
mixtures succeeded in restoring the D4R units and the UTL structure as evidenced by the powder XRD
patterns (Figure 25). The 200 reflection shifted from 6.37° to 6.16° 20 and new reflections
characteristic for the UTL framework appeared at 6.99°, 7.35°, 8.27°, 9.55°, 16.7° and 17.7° 26. In
addition, the XRD pattern of the sample prepared using germanium oxide also showed reflections at
20.4°, 25.8°, 35.9°, 37.9° and 39.4° typical for GeO,. The UTL reflections were also less intense than in
the sample reconstructed using germanium methoxide. The low intensity of the reflections and
formation of GeO, suggests that only portion of germanium successfully incorporated into the zeolite
while the rest precipitated as separate GeO, phase. The poor incorporation may stem from the lower
reactivity or solubility of the germanium oxide in the mixture compared to the germanium methoxide.
In contrast, the reactive germanium methoxide incorporated into the zeolite and successfully restored
the D4R units without forming the GeO, phase.
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Figure 26: STEM image of the reconstructed UTL zeolite rec Si-Ge 1:1

The STEM imaging of the sample reconstructed with DEDMS and germanium methoxide in Si:Ge ratio
1:1 (labelled “rec Si-Ge 1:1”) verified that the layers reconnected successfully (Figure 26). The image
shows the periodically organised connections between zeolite layers with the uniform spacing 14.1 A
characteristic for the UTL structure. The image also shows irregular mesopores in the zeolite crystal
introduced by the basic conditions during the intercalation. The mesopore formation is also apparent
from the change of textural properties of the reconstructed material (Table 7).
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Figure 27: Powder XRD patterns of samples reconstructed using different Si:Ge ratios. Asterisks (*)
mark the reflections of GeO; phase.



We have demonstrated that the mixture of silicon and germanium sources can restore the D4R units
and the UTL zeolite. However, it is not clear how much germanium is necessary for the successful
reconstruction. Therefore, we carried out additional set of experiments and varied the ratio of Si and
Ge sources. The XRD patterns of the obtained samples (Figure 27) revealed that ratios of Si:Ge from
1:3 to 3:1 restored the UTL framework. The sample with Si:Ge 1:1 possessed the highest crystallinity
and micropore volume 0.15 cm3/g, the closest to the parent sample with 0.25 cm3/g (Table 7). The
samples with Si:Ge 3:1 and 1:3 exhibited lower volumes of micropores 0.12 and 0.11 cm?/g,
respectively. All three samples exhibited Type Il isotherms with hysteresis loops between p/po 0.45
and 1 (Figure 28A) and external surface area from 156 to 188 m?/g in contrast to the parent UTL with
external surface 52 m?/g. The increased external surface and the shape of the isotherm stems from
the presence of mesopores resulting from the intercalation.

In contrast, the XRD of sample reconstructed in the absence of germanium (rec Sil1) showed a broad
reflection around 7° signifying non-uniform layer ordering. This experiment proves that the presence
of germanium is essential for the reconstruction. However, the sample reconstructed using purely
germanium source (rec Ge) also failed to produce the UTL structure. On top of that, its XRD pattern
also contained additional reflections of GeO,. It demonstrates that silicon is also necessary for the
reconstruction of D4Rs. It is possible that the absence of Si leads to rapid formation of low reactive
GeO; prior to the D4R reconstruction or that the pure Ge D4Rs are unstable upon calcination.
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Figure 28: A) argon adsorption—desorption isotherms and B) H-K micropore size distributions of
samples reconstructed using different Si:Ge compositions



Table 7: Textural properties of samples reconstructed using different Si:Ge compositions determined
by argon adsorption

BET (m*/g) Sext (M?/g) Vit (cm*/g) Vimic (cm®/g)
Parent UTL 620 52 0.27 0.25
rec Sil 645 334 0.48 0.12
rec Si-Ge (3:1) 550 156 0.35 0.12
rec Si-Ge (1:1) 808 188 0.48 0.15
rec Si-Ge (1:3) 555 165 0.36 0.11
rec Ge 344 139 0.34 0.07

rec Sil = UTL recostructed with Si source; rec Si-Ge (x:y) = UTL recostructed with Si and Ge sources in x:y molar
ratio; rec Ge = UTL recostructed with Ge source.

Stabilisation with fluorides

Besides germanium, fluoride anions are also capable of stabilising cubic D4R units. [140] Numerous
extra-large pore zeolites with D4R in their structure, including *CTH, ITH or SOR, crystalize from
fluoride gels. [141-143] Accordingly, we performed another set of experiments with UTL
reconstruction from IPC-1TBA in synthesis mixtures. We used DEDMS, germanium methoxide and
mixture of DEDMS and germanium methoxide with Si:Ge 1:1 for reconstruction of the D4Rs. NH4F was
added to each mixture to promote the D4R formation. We verified the crystal structure of the
obtained samples by powder XRD. The XRD patterns of all samples exhibited the typical reflections of
the UTL framework regardless of the Si:Ge composition. This demonstrates that the fluoride anions
can stabilise D4Rs during the reconstruction irrespectively of the presence of germanium.
Nevertheless, the fluoride anions do not enhance the germanium incorporation into the framework.
The sample reconstructed purely with germanium methoxide in the presence of fluoride (labelled “rec
F Ge”) also showed reflections of GeO, phase implying that significant portion of the germanium failed
to incorporate into the structure.



Intensity (a.u.)

Figure 29: Powder XRD patterns of samples reconstructed using fluoride anions and different Si:Ge
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ratios. Asterisks (*) mark the reflections of GeO; phase.

The samples after fluoride-assisted reconstruction exhibited type Il adsorption isotherms (Figure 30)
and external surface areas ranging from 101 to 341 m?/g reflecting the presence of mesopores induced
during the intercalation treatment (Table 8). However, the samples reconstructed using fluoride also
show significantly lower micropore volumes ranging from 0.05 to 0.07 cm3/g compared to the samples
reconstructed using germanium. The fluoride solutions can etch the zeolite and create vacancies in
the framework. The presence of fluorides during the reconstruction likely causes etching which results
in the formation of additional defects and overall decrease in crystallinity of the material. The decrease

in the crystallinity manifests in the low micropore volumes of the reconstructed samples.
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Figure 30: A) argon adsorption—desorption isotherms and B) H—K micropore size distributions of

samples reconstructed using fluoride anions and different Si:Ge ratios.



Table 8: Textural properties of samples reconstructed using fluoride anions and different Si:Ge ratios
determined by argon adsorption.

BET (m?/g) Sext (M?/g) Viot (cm?/g) Vimic (cm®/g)
Parent UTL 620 52 0.27 0.25
rec FSil 691 341 0.56 0.05
rec F Si-Ge (1:1) 555 281 0.46 0.06
rec F Ge 280 101 0.26 0.07

rec F Sil = UTL recostructed with Si source and NH4F; rec F Si-Ge (1:1) = UTL recostructed with Si and Ge sources
in 1:1 molar ratio and NHaF; rec F Ge = UTL recostructed with Ge source and NHa4F.

Connection with POSS

Using pre-made building blocks, such as polyhedral oligomeric silsesquioxanes (POSS), is a potential
alternative to reconstructing the D4Rs within the interlayer space. POSS are cage-like silicate-organic
species with general formula (RSiOs/2), which can take form of various shapes, including (RSiOs/2)s
cubes (Scheme 4). We hypothesised that the POSS can intercalate in between the IPC-1TBA layers and
connect the layers similarly to the new D4Rs reconstructed using germanium or fluoride route.
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Scheme 4: Intercalation of the POSS in between the IPC-1TBA layers and reconstruction of the UTL

We performed the reconstruction of UTL zeolite from IPC-1TBA using silicon sources with varying
complexity; diethoxydimethyl silane (DEDMS), 1,3-diethoxy-1,1,3,3-tetramethyl-disiloxane (DETMDS),
2,4,6,8-tetramethylcyclotetrasiloxane  (TMCTS) and octamethylsilsesquioxane (POSS). The
experiments were carried out in the absence of germanium or fluoride anions to assess solely the
ability of the silicon source to reconnect the layers. The powder XRD patterns of samples rec Sil and
rec Si2 reconstructed using DEDMS and DETMDS, respectively, exhibited a broad reflection around 7°
20 (Figure 31). The broadened reflection indicates poor layer ordering resulting from unsuccessful D4R
reconstruction. In contrast, samples rec Si4 and rec Si8 reconstructed using TMCTS and POSS,
respectively, retained relatively narrow interlayer 200 reflection at 6.16° 26. The samples also showed
less intense reflections at 6.99°, 7.35°, 8.27° and 9.55° characteristic for the UTL structure. These data
evidence that complex Si species can also reconnect the IPC-1TBA layers and reconstruct the UTL
zeolite. The ICP-MS elemental analysis of the rec Si8 revealed that the sample possessed Si/Ge = 481.
Si content this high has never been reported for the UTL zeolite. The UTL with highest Si content,



Si/Ge = 233, reported in the literature was produced by repeated post-synthetic degermanation-
resilylation. [79] In contrast, the reconstruction using POSS provided significantly higher Si content in
a single step.
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Figure 31: Powder XRD patterns of samples reconstructed using different Si sources.

The decreased intensity of UTL framework reflections may originate from low degree of incorporation
of the POSS units into the structure or from lower atomic scattering factor of silicon compared to
germanium. [144, 145] We can deduce the degree of reconnection of the layers with the D4R units
from the textural properties of the reconstructed samples. The rec Si-n (n = 1, 2, 4 or 8) samples
exhibited type Il adsorption isotherms (Figure 32A). More importantly, samples rec Si4 and rec Si8
possessed micropore volumes 0.14 and 0.13 cm3/g (Table 9) and mean pore size 8.2 A (Figure 32B).
The micropore volumes and pore size match the textural properties of samples reconstructed using
Ge properties and resemble those of the parent UTL zeolite (Figure 28, Table 7). In contrast, the mean
pore size of rec Sil and rec Si2 deviated from that of UTL zeolite due to the poor layer ordering. Hence,
we can conclude that the TMCTS and POSS reconnected the IPC-1TBA layers to a comparable degree
as the germanium-reconstructed D4Rs. Ergo, the lower atomic scattering factor of Si is presumably
responsible for the lower intensity of the XRD reflections.
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Figure 32: A) argon adsorption—desorption isotherms and B) H-K micropore size distributions of
samples reconstructed using different Si sources.

Table 9: Textural properties of samples reconstructed using different Si sources determined by argon
adsorption.

BET (m?/g) Sext (M?/g) Viot (cm?/g) Vimic (cm*/g)
Parent UTL 620 52 0.27 0.25
rec Sil 645 334 0.48 0.12
rec Si2 514 248 0.41 0.08
rec Si4 555 131 0.34 0.14
rec Si8 633 188 0.41 0.13

rec Sil = UTL reconstructed using DEDMS; rec Si2 = UTL reconstructed using DETMDS; rec Si4 = UTL reconstructed
using TMCTS; rec Si8 = UTL reconstructed using POSS.

5.4.3. Introduction of catalytically active elements

Aluminium incorporation

The previous experiments showed that the "Reverse ADOR" protocol enables restoration of the UTL
zeolite with diverse Si/Ge ratios. The logical next challenge was to adapt the Reverse ADOR to
incorporate catalytically active elements into the framework of the UTL. Aluminium is presumably the
most common catalytically active element in zeolites. It can also be incorporated, albeit with
limitations, into the UTL through direct synthesis. [81] Therefore we chose aluminium for the
demonstration of incorporating active sites into the UTL via the Reverse ADOR.
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Figure 33: Powder XRD patterns (A) and Ar adsorption isotherms (B) of UTL samples reconstructed
with varying Si:Al

The fluoride-assisted reconstruction previously showed the ability to reconstruct the UTL structure
regardless of the Si:Ge composition in the reconstruction synthesis mixture. Ergo, we used the
combination of DEDMS and AI(NOs)s in ratios 3:1, 1:1, 1:3 and solely AI(NOs); for the reconstruction
of D4Rs. The NH4F was added to the mixtures promote the D4R formation. The XRD patterns of the
prepared samples exhibited interlayer 200 reflection at 6.16° 26 corresponding to the proper layer
spacing of the UTL topology (Figure 33). Nevertheless, the intensity of the characteristic reflections at
6.99°,7.35°, 8.27° and 9.55° decreased with the gradual increase of aluminium content from Si:Al = 3:1
to Si:Al = 1:3 suggesting incomplete D4R reconstruction. In contrast, the XRD pattern of the sample
reconstructed only using AI(NOs)s exhibited relatively narrow 200 reflection and also contained the
rest of the characteristic peaks. This implies that the sample possess more uniform layer ordering
compared to the samples restored with combination of silicon and aluminium and higher number of
D4R.

Nevertheless, reconstruction of the D4R units using only the aluminium source breaks the
Loewenstein’s rule. The Loewenstein’s rule is an empiric rule which states that zeolite frameworks
cannot contain direct Al-O-Al bridges. [97] This rule has been derived from empirical observations and
also has been supported by a number of theoretical calculations. In essence, zeolites violating the rule
should be impossible to synthesize by direct hydrothermal method. In that light, while the
reconstruction of the "pure Al" UTL sample may not be outright impossible, it is rather unlikely to say
the least. We considered two plausible explanations: either the Loewenstein’s rule does not apply to
the acidic and anhydrous environment used during the reconstruction, or the aluminium has not fully
incorporated and instead migration of silicon from the IPC-1TBA layers aided reconstruction of the
D4R units.
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Figure 34: STEM image of “pure Al” reconstructed UTL (1) and side-phase (2) and EDX maps of Si (red)
and Al (green).

Figure 35: STEM images and Si (red) and Al (green) EDX maps of UTL samples reconstructed by
fluoride-assisted Reverse ADOR under pHCl =1 (A), 3 (B) and 5 (C).



The STEM imaging of the Pure Al UTL sample revealed that the sample contains two distinct phases
(Figure 34), large flat crystals of the UTL (1) and unknown rectangular crystals (2). EDX mapping of the
sample further revealed that the UTL crystals possess only Si/Al = 21. The high Si/Al molar ratio of the
UTL crystals proves our hypothesis of partial incorporation. In contrast, the rectangular particles
contained exclusively aluminium but no silicon. Based on these observations, we concluded that
aluminium corresponding to the Si/Al = 21 incorporated into the UTL framework and formed the D4R
units; whereas, the excess aluminium formed the separate Al-rich phase.

According to literature, the degree of incorporation of various elements (including aluminium) into
the zeolite framework depends on the pH. Therefore, we decided to optimise the pH of the synthesis
mixture to bolster the aluminium incorporation. We repeated the reconstruction using excess of
aluminium and under varying pHCIl = 1, 3 and 5, where "pHCI" corresponds to the negative logarithm
of the HCl concentration in EtOH. The powder XRD verified the UTL crystal structure of the prepared
samples and the STEM-EDX imaging revealed the presence of two phases similar to the previous case;
the UTL and the aluminium-rich phase. The presence of the second phase confirms that the aluminium
incorporation into the UTL framework reached its maximum under given conditions. We measured
the Si/Al of each sample using five separate crystals in order to get an average value. The aluminium
content in the UTL varied with pHCI showing a maximum Si/Al = 15 at pHCl = 3.
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Figure 36: Dependency of aluminium content and Si/Al ratio of the UTL zeolites on the pHCI

We also observed a fluctuation of the average pore size with the pHCIl. The samples reconstructed
under pHCI = -1 possessed the same pore diameter as the parent UTL sample; close to 0.9 nm (Figure
37). However, the increase in pHCl resulted in progressive shift towards lower average pore diameters.
We speculate that higher pHCI compromises the ability of fluoride ions to stabilise the D4R units.
Insufficient restoration of the D4Rs leads to poor stabilisation of the respective layer distance, to
connection of the layers by smaller units on local level and thus to decrease of the average pore size.
In order to prove the influence of the fluoride ions and to provide an alternative synthetic pathway,



we performed a second series of reconstruction experiments in the absence of fluorides but with
addition of germanium in Si:Ge = 1:1 (see section 4.2.4. and Table 2). The experiments provided a set
of reconstructed UTL zeolites with average pore size close to that of the parent UTL, showing only
minor deviation with increasing pHCI (Figure 37). The ability of the germanium to stabilise the D4R
units showed no significant dependence on the pHCI and therefore presents more reliable synthesis
route for the UTL restoration than the use of fluoride anions.
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Figure 37: Horwath-Kawazoe pore size distributions of the Al-containing reconstructed UTL samples
Catalytic experiments

The aluminium incorporated into the reconstructed UTL forms Brgnsted acidic Al-(OH)-Si groups or
Lewis acid sites in the proximity of structural defects. In addition, the germanium present in the D4R
units also exhibits Lewis acidity. Both types of acid sites can provide a source of catalytic activity. We
evaluated the catalytic performance of the zeolites using tetrahydropyranylation of 1-decanol as a
model reaction. The tetrahydropyranylation can be catalysed by both Brgnsted and Lewis sites. The
1-decanol is a bulky compound which cannot penetrate into micropores of common zeolites such as
*BEA. [110] In contrast, it can enter the extra-large pores of UTL and therefore can demonstrate the
advantages of extra-large pore zeolites for conversion of bulky substrates. In our experiments, we
compared the conversions of 1-decanol over the aluminium-containing UTL zeolites reconstructed via
both fluoride-assisted route ("Re-UTL (Al)") and germanium-assisted route ("Re-UTL (Al+Ge)").
Additionally, we used directly synthetized alumino-germanosilicate AI-UTL and a commercial
aluminosilicate *BEA (CP814C Zeolyst, Si/Al = 19) zeolites as benchmark catalysts.
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Figure 38: Powder XRD patterns (A) and Ar adsorption isotherms (B) of zeolite catalysts

The X-ray diffraction patterns of used samples (Figure 38A) correspond to the data from IZA database.
[19] The Ar adsorption revealed a significant difference between the directly synthetized AlI-UTL and
the reconstructed Re-UTL samples in their external surface areas (Figure 38B, Table 10). The Re-UTL
(Al) and Re-UTL (Al+Ge) exhibited external surface 138 and 180 m?/g, respectively, while the AI-UTL
showed only 64 m?/g. The high external surface of the reconstructed samples originates from the
harsh conditions used during the intercalation and reconstruction procedure. The harsh environment
causes etching of the zeolite resulting in formation of mesopores and thus increasing the external
surface. The enhanced external surface may boost the mass transfer of the reactants and products
during the reaction and thereby increase the reaction rate and reactant conversion.

Table 10: Textural properties and concentration of acid sites of the zeolite catalysts

BET Sext Vtot Vmic CLewis CBrgnsted
(m?/g) (m?/g) (cm/g) (em’/g)  (umol/g)  (umol/g)
BEA 560 170 0.30 0.16 100 300
Al-UTL 454 64 0.25 0.15 74 46
Re-UTL (Al+Ge) 409 180 0.31 0.08 75 25
Re-UTL (Al) 450 138 0.33 0.09 54 21

In order to differentiate between the catalytic activity of the aluminium and germanium sites we
tested the reconstructed zeolites both before and after ion exchange to H* form. We investigated the
concentration of acid sites in both sets of samples by adsorption of pyridine coupled with FTIR
spectroscopy. The adsorption of pyridine on the Re-UTL (Al+Ge) before ion exchange revealed no
Brgnsted acid sites. However, the spectrum also contained a peak at 3677 cm™ characteristic for
Brgnsted acidic bridging Al-(OH)-Si groups. This implies that the Al sites are inaccessible to the pyridine
probe molecule, and we can only observe the vibrations of pyridine interacting with the germanium
Lewis acid sites at 1455 cm™®. On the contrary, the signal at 3677 cm™ was not present in the spectrum



of Re-UTL (Al+Ge) ion exchanged to H* form. In contrast, the characteristic signal of pyridine
interacting with Brgnsted acid sites appeared at 1545 cm™. The samples Re-UTL (Al) and Re-UTL
(Al+Ge) possessed similar concentrations of the aluminium Brgnsted acid sites 21 and 25 pmol/g,
respectively (Table 10). In contrast, the Re-UTL (AL) possessed 54 pmol/g of Lewis sites; whereas, the
Re-UTL (Al+Ge) possessed 75 umol/g due to the additional germanium Lewis sites. [77]
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Figure 39: FTIR spectra of hydroxyl groups (A) and adsorbed pyridine (B) of the not exchanged and
exchanged reconstructed UTL zeolites.
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Figure 40: Conversions of 1-decanol and selectivity curves over *BEA, Al-UTL and reconstructed UTL
zeolites.



The *BEA zeolite showed no catalytic activity during the tetrahydropyranylation of 1-decanol despite
its highest acidity among the catalysts. In contrast, the directly synthetized AI-UTL provided 18.9 %
conversion of 1-decanol and 148 % vyield of tetrahydropyranylated product,
2-decoxytetrahydropyran, after 24 hours, demonstrating the advantage of the extra-large pores for
the conversion of bulky substrates such as 1-decanol (Figure 40). The Re-UTL (Al) showed no
conversion prior to its ion exchange due to the Brgnsted acid sites being inactivated. The ion exchange
to H* form resulted in 41.2 % conversion of 1-decanol and 34.3 % yield of product. In contrast, the
Re-UTL (Al+Ge) provided 61.5 % conversion and 48.5 % yield of product prior to the ion exchange.
These data clearly show the advantage of the reconstructed Re-UTL (Al) and Re-UTL (Al+Ge) compared
to the directly synthesised Al-UTL. The higher conversion provided by the reconstructed samples
mainly stems from their enhanced external surface (Table 10) which facilitates the mass transfer and
improves accessibility of the active sites. Furthermore, the synthesis route of the UTL had no effect on
the product selectivity (Figure 40) since both directly synthesised Al-UTL and both reconstructed
samples provided the desired product with 78 to 83 % selectivity. The results also show that the
germanium Lewis acid sites also catalyse the tetrahydropyranylation and can further enhance the
catalytic performance of the sample. However, the ion exchange of the Re-UTL (Al+Ge) to H* form
decreased the conversion to 45.5 % and yield to 37.1 %. We concluded that while the ion exchange
activated the aluminium acid sites it simultaneously partially degermanated the zeolite resulting in
the decrease of its total acid site concentration and lowered its catalytic performance.



6. Conclusions

This thesis focused on the synthesis and transformation of germanosilicate zeolite UTL using the
Assembly-Disassembly-Organisation-Reassembly (ADOR) method. The experimental work particularly
focused on determining the factors that control the crystal morphology of the UTL and on developing
a method to control it. It also aimed, on evaluating the hydrolytic stability of the UTL germanosilicate
depending on the content of germanium in its framework and amount of water in the environment
and on developing a method for controlling the rate of hydrolysis and transformation of the UTL
zeolite into its daughter structures and on reconstructing the UTL framework from the hydrolysed
product, layered material IPC-1P.

We attempted to alter the zeolite crystal morphology by using growth modifiers and by varying Si/Ge
ratio in the synthesis mixture. We observed a progressive change in crystal morphology with
increasing Si/Ge molar ratio of the UTL. Increase of Si/Ge ratio of the bulk sample from 0.79 to 12.8
caused an increase of the crystal thickness (corresponding to crystallographic a-axis) from 0.17 um to
5.39 um. In essence, we discovered that the Si/Ge ratio governs the relative growth rate of the UTL
crystals and that high Si content boosts growth along the ag-axis which is oriented in perpendicular to
the two-dimensional pore system of the UTL. On the other hand, none of the growth modifiers
(1.5-pentandiol, 1,5-diaminopentane, pentanoic acid and L-lysine) provided any change in UTL crystal
morphology. Therefore, we concluded that this strategy is not applicable to the UTL zeolite.

The phenomenon is not limited only to the UTL germanosilicate. Other zeolites with one- or two-
dimensional pore system, including AFI, IFR, LTL and MWW, exhibit analogous evolution of crystal
morphology with varying Si/Al ratio. Generally, higher silicon content promotes crystal growth along
crystallographic directions perpendicular to the one- or two-dimensional pore system. However, IWW
zeolite, which contains three-dimensional channel system with large cavities arranged along b-axis,
also exhibited similar morphology change. The IWW with Si/Ge = 4 and 6 revealed that IWW crystal
size changed from 0.16 x 2.36 x 1.34 um to 0.38 x 2.79 x 1.50 um upon increasing its Si/Ge from 4 to
6 in accordance to our observations on the UTL zeolite. We concluded that zeolites that possess lower
framework symmetry and that contain large building units or cavities continuously and predictably
change their crystal morphology depending on their Si/T ratio.

We investigated hydrolytic stability and mechanism of hydrolysis using water vapour adsorption on a
set of UTL germanosilicate zeolites with varying Si/Ge ratios (Si/Ge = 2.5, 4.5, 18.5 and 53). Adsorption
of water vapour on the UTL samples provided type V adsorption isotherms with unusual, unclosed
hysteresis loop between relative pressures p/po = 0 and 0.35. The adsorption of water on the UTL
proceeds through 2 stages; first, at low relative pressure p/po < 0.3 small amount of water reversibly
adsorbs onto the zeolite. No structural changes in the material occur in this stage. The maximum
relative pressure for the reversible stage increased with increasing Si/Ge ratio of the sample from 0.3
for Si/Ge = 2.5 t0 0.42 for Si/Ge = 53. We also observed that higher Si/Ge ratio enabled higher maximal
amount of reversibly adsorbed water due to the increased hydrolytic stability of the framework. Upon
exceeding this critical relative pressure, the amount of adsorbed water abruptly increased in the
second stage. The adsorption at this stage is partially irreversible. The process represents hydrolysis
of Si-O-Ge bonds which results in structural degradation of the sample. This is evidenced by decrease
in sample micropore volume from 0.24 to 0.10 cm3/g for germanium-rich samples (Si/Ge = 2.5 and
4.5) and change of their powder XRD pattern which confirmed that significant structural changes take



place in the zeolite framework. The amount of irreversibly bound water corresponds for the water
consumed in breaking the framework Ge-O bonds accompanying the structural transformation and
thus it cannot be desorbed. The amount of irreversibly bound water increased logarithmically with
the germanium content. Higher content of germanium provides more hydrolytically labile bonds and
therefore requires more water for the complete hydrolysis. In contrast, germanium-poor UTL (SI/Ge
= 18.5 and 53) exhibited only minor change of micropore volume and retained the UTL structure, as
evidenced by the XRD. The difference between the two sets of samples implies the existence of critical
Si/Ge ratio which delimitates the ability of the UTL to hydrolyse into the layered material from the
ability to retain the 3D structure.

We further aimed to recover and characterize the intermediates of the transformation and, hence,
required to slow down the rate of the hydrolysis. The hydrolysis of UTL germanosilicate into the
layered precursor IPC-1P is commonly carried out in a large excess of water or acid solution (e.g. 200
ml of solution per 1 g of sample) where the UTL completely hydrolyses within several minutes making
recovery of the intermediates problematic. In contrast, we established that the UTL undergoes no
significant structural changes when treated with absolute alcohol (i.e. methanol, ethanol, i-propanol).
Thus, the rate of the UTL disassembly can be controlled by diluting water with defined amount of
alcohols. Furthermore, we observed that the rate also depends on the type of alcohol in the solution
in the respective order MeOH > EtOH > i-PrOH. This phenomenon could originate from the different
kinetic diameter, polarity or acidity of the respective alcohols.

The leeched germanium forms germanium oxide/hydroxide poorly soluble in alcohols, which blocks
the micropores of the recovered samples. This issue can be overcome by replacing the water-alcohol
solutions with solution of HCl in EtOH. The HCI forms more soluble germanium alkoxychlorides and
germanium tetrachloride from the leeched germanium. The hydrolysis of the UTL in 1.25 M HCI/EtOH
solution prolonged the time of the transformation to 20 days. The slow transformation rate enabled
recovery of the intermediate samples and characterization of their structure. The structure of the
germanosilicate exhibited a gradual decrease of the pore diameter of the zeolite and progressive
transformation of the zeolite structure in respective order: UTL (14-12R) - IPC-7 (14-12R & 12-10R) -
OKO (12-10R) - *PCS (12-10R & 10-8R).

Last but not least, we developed a method for reconstructing the UTL zeolite from the layered
precursor IPC-1P. The disassembly of UTL to IPC-1P is accompanied by decrease of the interlayer
distance from 14.5 to 10.7 A. The distance cannot spontaneously increase to the original value after
the hydrolysis which prevented the restoration of the interlayer D4R units and the UTL structure.
Hence, we increased the distance between the layers artificially by intercalation of
tetrabutylammonium hydroxide (TBAOH) into the interlayer space. On one hand, the TBAOH
intercalation successfully increased the interlayer spacing to 13.9 A. On the other hand, the high pH
of the TBAOH solution causes etching of the zeolite which leads to formation of defects, mesopores
and eventually complete amorphisation of the material. To counter the issue, we optimised the
process on the following parameters: treatment time, TBAOH concentration and concentration of
added colloidal SiO; in the mixture. The shorter contact time, lower OH™ concentration and pre-
saturation of the solution with Si species significantly increased the yields of the intercalated layered
precursor. Subsequently we reconstructed the D4R units in between the layers using combinations of
DEDMS and germanium methoxide. Combination of both Si and Ge sources resulted in restoration of
the UTL structure. In contrast, absence of one of the elements prevented the reconstruction. The



reconstruction of UTL using only DEDMS or germanium methoxide was enabled only by addition of
NH4F. The fluorides stabilised the D4R units even in the presence of only Si or Ge source. However,
the fluorides caused additional etching to the material, yielding samples with poor textural properties
including low micropore volume. Alternatively, more complex Si sources such as 2,4,6,8-
tetramethylcyclotetrasiloxane or octamethylsilsesquioxane also enabled the UTL restoration even in
the absence of either germanium or fluorides. This approach yielded high-Si UTL zeolite with
Si/Ge = 481.

The UTL reconstruction protocol, which we labelled “Reverse ADOR”, also enabled also incorporation
of catalytically active sites into the zeolite. We illustrated this approach on aluminium incorporation.
The fluoride-assisted method yielded samples with UTL topology regardless of the aluminium content
in the synthesis mixture. However, only portion of aluminium corresponding to Si/Al = 21 successfully
incorporated into the zeolite. The excess aluminium formed a separate aluminium oxide phase. We
further optimised the degree of incorporation by adjusting the acidity of the synthesis mixture.
Increasing the pHCI to 3 resulted in improved aluminium incorporation up to Si/Al = 15. Further
increase in the pHCl impeded the incorporation. The reconstructed UTL samples prepared by both
the fluoride- ("Re-UTL (Al)") and germanium-assisted ("Re-UTL (Al + Ge)") reconstruction were active
in tetrahydropyranylation of 1-decanol (41.2 and 48.5 % 1-decanol conversion after 24 h,
respectively). In contrast, directly synthetized Al-UTL provided only 14.8 % conversion after 24 h and
aluminosilicate *BEA zeolite exhibited virtually no catalytic activity. The remarkable catalytic
performance of reconstructed UTL samples originated mainly from their enhanced external surface
area and thus improved accessibility of the acid sites.
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ABSTRACT: The Assembly—Disassembly—Organization—Reas- S
sembly (ADOR) process has been used extensively to prepare 5 :' i
new zeolite frameworks based on germanosilicate precursors. The | 1,07
disassembly step exploits the lability of the bonds in the presence  °, 4:_;\:0_5\;/
of water to selectively disconnect the framework, prior to & ’@' A&
reorganization into new framework topologies. However, a COOPERATIVE

mechanistic understanding of this crucial step is lacking:
specifically, the roles of heteroatom (germanium) content and %
water loading in zeolite hydrolytic instability. In this work, ab initio i
free energy simulations, coupled with water vapor adsorption i
measurements reveal that collectivity effects control the reactivity
of the archetypal ADORable zeolite UTL toward water. A germanium

transition between reversible and irreversible water adsorption

occurs as water loading is increased, leading to reactive transformations. Clustering of germanium is observed to activate hitherto
unreported favorable hydrolysis mechanisms beyond a threshold concentration of three atoms per double four ring unit,
demonstrating that the heteroatom distribution and collectivity in the hydrolysis mechanism can drastically influence zeolite
framework instability. These findings suggest that control over heteroatom content, distribution, and hydration level is important to
achieve the controlled partial hydrolysis of zeolitic frameworks and is likely to apply not only to other ADORable germanosilicate
zeolites but also to Lewis acidic zeolites in general.

=0,
oy 2,

DISASSEMBLY

B

1. INTRODUCTION produces a stable layered material, denoted by wpc-1p.*?
Conversely, germanium-poor UTL does not undergo such a
structural transformation, but germanium can be substituted
for other elements (e.g., Al, B, and Ga) without compromising
the structure.'” Therefore, improving our understanding of the
germanosilicate zeolite disassembly mechanisms upon contact
with water will help us to develop targeted syntheses of
ADORable frameworks. Furthermore, knowing the factors that
affect hydrolytic pathways will allow us to tailor experimental
conditions to optimize the process.

For such purposes, several computational studies have
classified the energetic trends of Ge distributions in Ge-
zeolites,' '™ "° including BEC and UTL. These studies
confirmed that D4R units are the most stable substitution
sites for Ge. In addition, density functional calculations predict
that Ge clustering in D4R likely prevails'>' over separated Ge

Zeolites are crystalline microporous silicate materials with a
wide range of applications in adsorption, gas separation, and
catalysis."* New zeolitic frameworks are commonly synthe-
sized under hydrothermal conditions. However, this hydro-
thermal synthesis has several constraints, including the limited
number of zeolite structures that can be produced via this
route.” Moreover, the relationship between synthesis con-
ditions and the structure of the resulting material is still poorly
understood. For this reason, new zeolite structures are often
discovered by using a trial-and-error approach.
Notwithstanding these difficulties, the Assembly—Disassem-
bly—Organization—Reassembly (ADOR) process enables us to
prepare new zeolites in a controlled and predictable way.®
ADOR exploits the lability of Ge—O bonds in germanosilicate
zeolites containing double-four-ring units (D4R) (along with
the tendency to remove germanium from the material). These
Ge-rich D4R units can be thus hydrolyzed, leaving only the Si- Received: August 3, 2021
rich layers intact.” In turn, these layers can be subsequently Revised:  October 11, 2021
reorganized and reconnected into a new structure. Several Published: October 25, 2021
germanosilicate zeolites, including UTL, *CTH, and UOV,
undergo ADOR transformations,”” and hydrolysis of germa-
nium-rich UTL under mildly acidic or neutral conditions

© 2021 The Authors. Published by
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W ACS Publications ML RIS oava J. Phys. Chem. C 2021, 125, 2374423757




The Journal of Physical Chemistry C

pubs.acs.org/JPCC

atoms. However, the collective effect of Ge clustering on the
hydrolytic stability of germanosilicates remains unknown, thus
requiring further research.

The hydrolysis mechanisms of several zeolites have been
investigated in detail by combining in situ experimental
(particularly infrared and NMR spectroscopy) and computa-
tional (density functional theory) research.'” The hydrolytic
behavior can also be analyzed by water vapor adsorption under
various water loadings and temperatures, thereby gaining a fine
control over reactive conditions inside the zeolite. This
technique is commonly used to assess the hydrolytic
stability/lability of zeolites or their separation properties, but
few studies have examined their structural changes."* " Yet,
water vapor adsorption can even be used to describe the
energetics of sites that participate in the hydrolysis process and
thus identify the distribution of reactive sites and the
hydrolysis mechanism. For example, Simonot-Grange used
water vapor adsorption to differentiate adsorption sites and to
investigate irreversible structural transformations of natural
zeolites.”' As germanosilicates also undergo structural trans-
formations upon contact with water, a similar method should
be suitable for investigating water vapor interactions with
germanosilicates to determine their behavior under varying
water loadings.

Complementary density functional theory molecular dy-
namics simulations have recently been used to probe the
effects of water on zeolite framework stability,”” heteroatom
distributions,” and hydrolysis mechanisms.”*** Several
authors observed that the water concentration markedly affects
the mechanism and, consequently, the energetics of zeolite
hydro]ysis.z“1_2[1 For non-aluminosilicates, nevertheless, only a
few studies have examined the reactive interaction of Sn- and
Ti-substituted zeolites with water, showing that new, catalyti-
cally active, open sites may be formed through hydrolysis in
zeolites such as BEC,"” BEA,"**"** or MFL” However, the
hydrolysis mechanisms of germanosilicates remain mostly
unknown even though they are the most common ADOR
parent materials.

Considering the above, we aim to investigate the
disassembly of germanosilicate UTL by combining water
vapor adsorption and biased ab initio molecular dynamics
simulations. In this study, we monitored the adsorbed amounts
of water in relation to the germanium content and described its
behavior using adsorption potential distributions. Water vapor
adsorption isotherms revealed two adsorption modes: one
reversible, at low partial pressure (low water content), and the
other irreversible, at high partial pressure (high water content).
The simulations at the density functional level, including
biased molecular dynamics, linked the two-modal behavior to
water physisorption at low water content and to the reactive
hydrolytic transformation at high water content. The adsorbed
amounts, in both modes, clearly depended on the germanium
content. Moreover, this experimental observation was con-
firmed upon identifying a previously unknown mechanism at a
high Ge content, which was contingent on the presence of a
critical concentration of Ge in the double-four-ring sites.

2. METHODS AND MODELS

2.1. Experimental Section. 2.1.1. Materials. UTL-
zeolites (UTL-2.5 and UTL-4.5; the number corresponds to
molar ratio Si/Ge determined by ICP-OES) were synthesized
based on procedures described in the literature.””*' The
syntheses were performed under agitation in Teflon-lined

stainless-steel autoclaves at high temperature and autogenous
pressure. Subsequently, the autoclaves were cooled to room
temperature, and the solid product was filtered off, washed
with distilled water, and dried in an oven at 60 °C overnight.
The samples were calcined under flowing air at 580 °C for 8 h
at a heating rate of 1 °C min~', UTL-18.5 and UTL-53 were
prepared by degermanation of as-made UTL-2.5.%* The as-
made UTL was mixed with 1 M HNO; and heated to 190 °C
for 24 h in a Teflon-lined, stainless-steel autoclave. The
procedure resulted in UTL-18.5. UTL-18.5 was subsequently
degermanated by using the same procedure, yielding UTL-53.
Both samples were calcined under flowing air at 580 °C for 8 h
at a heating rate of 1 °C min™",

2.1.2. Characterization. The structure and crystallinity of
all samples, before and after adsorption measurements, were
determined by X-ray powder diffraction (XRD) on a Bruker
AXS D8 Advance diffractometer equipped with a graphite
monochromator and a Vintec-1 position-sensitive detector
with Cu Ka radiation in Bragg—Brentano geometry, in a
continuous scan mode and in the range of 3°—40° (20).
Adsorption measurements were performed on an ASAP 2020
(Micromeritics, USA) adsorption analyzer. For the necessary
accuracy in accumulating adsorption data over a wide range of
pressures, the instrument was equipped with three pressure
transducers (13.3 Pa, 1.33 kPa, and 133 kPa). Before the
adsorption experiments, the samples were outgassed under
turbomolecular pump vacuum; starting at room temperature,
the zeolites were heated to 110 °C until reaching the residual
pressure of 0.5 Pa. After further heating to 110 °C for 1 h, the
temperature was increased (1 °C min™') to 300 °C and
maintained for 8 h. This procedure was repeated after
collecting the N, isotherms of the parent samples.

The whole sequence covered the N,—H,0-N,—H,0-N,
analysis. The N, adsorption measurements were performed in
a liquid nitrogen bath at —195.8 °C, whereas the H,O
adsorption experiments were conducted at 20 °C in a
thermostat. The specific surface area was evaluated by using
the BET method, and adsorption data in the relative pressure
(p/po) range from 0.05 to 0.20. The volume of micropores
(Vi) and the external surface area (S,,) were calculated by
using the f-plot method. The adsorbed amount at p/p, = 0.95
reflects the total adsorption capacity (V). On the basis of the
DFTpgp, pore size distribution, we assessed the pore size of the
samples (the subscript “PSD” is used throughout the text to
prevent confusion with density functional theory calculations
used for electronic structure problems).

The values of irreversibly bound water molecules were
calculated from the adsorbed amounts per unit cell at p/p, =
0.008 on the desorption branch of the isotherm. The maximum
numbers of reversibly adsorbed water molecules were
extrapolated from the “knee” of the adsorption branches of
the isotherms, between the low and high water-intake regions
(Supporting Information Figure S1). The estimation error is
negligible given the good linearity and gentle slope of the first
step of the water adsorption isotherm.

For individual samples, the water adsorption potential
distributions, y, were calculated based on eq 1:

= 8
dA (1)
where n stands for the amount adsorbed and A is the

adsorption potential.
The adsorption potential**

X

, 34

is described by eq 2:
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By (2)

where T is the thermodynamic temperature of the measure-
ment, R is the universal gas constant, and pj is the saturation
pressure of water at 20 °C equal to 2.333 kPa.

2.2. Computational Section. 2.2.1. Models. The UTL
framework can be described as a set of dense layers containing
primarily S-rings connected via D4R units to form a two-
dimensional network of perpendicular 12- and I4-ring
channels. The structure of the zeolite UTL was retrieved
from the IZA database,” transformed to the primitive cell via
Niggli reduction, and optimized in siliceous form, keeping the
volume fixed. This primitive unit cell of UTL, used throughout
the study, contains 114 atoms, and the lattice constants are a =
1629 A, b =14.04 A, c = 12.44 A, @ = 90.00°, # = 103.80°, and
y = 64.46°. UTL has 12 T sites, each of which connected to
four inequivalent oxygen atoms. We investigated three
representative T sites located in D4R units (T1 and T2), T
sites adjacent to D4R units (T7), and located in the UTL layer
(T4, T8, and T12) (see Figure 1), following the naming

T2
T1

Figure 1. Structural model of the UTL zeolite, highlighting both the
primitive unit cell and the T sites considered for the germanium
substitution and depicting oxygen and silicon atoms in red and blue,
respectively.

convention from the IZA database. In the low water-loading
simulations, a single water molecule was added to the UTL
unit cell. In the high water-loading simulations, the solvent
(water) was included in the pore structure, with a density of
~1 g em™, which corresponds to 18 molecules per unit cell.
This amount falls within the range of adsorbed water amounts
at high p/p, experimentally determined from water vapor
isotherms (see below), which report between 12 and 24 water
molecules/UC, depending on the Si/Ge ratio of the sample.
Details on the water insertion procedure are provided in the
Supporting Information (section S2.1).

2.2.2. Methods. All calculations are performed by using
density functional theory as implemented in the VASP 5.4
code,’ ™" with the exchange correlation functions of Perdew,
Burke, and Ernzerhof,” and a D3 dispersion correction, with

Becke—Johnson damping.‘“'m ‘Wave functions are described by

a plane-wave basis with a kinetic energy cutoff of 400 eV. The
Brillouin zone (BZ) was sampled by gamma-centered
Monkhorst—Pack grids, and the electronic structure was
calculated at the gamma point only. Local minimization of
geometry was performed with the conjugate gradient method,
and convergence was defined by an energy and force tolerance
of 107® eV and 0.01 eV/A, respectively. The stabilities of
reactants and products were determined based on ab initio
molecular dynamics (AIMD) simulations. These simulations
were performed in the NVT ensemble, at a target temperature
of 370 K, controlled by the Nose—Hoover thermostat. The
duration of all AIMD simulations was 20—40 ps, with a time
step of 0.75 fs.

The barriers to the static equatorial (inversion) and static
geminal mechanisms were calculated by using the climbin$
image nudged elastic band method of Henkelman et al?
Transition states were verified via diagonalization of the
approximate Hessian matrix, which was constructed by using
finite differences. For the more complex reaction environ-
ments, especially for the high water-loading regime with axial
and S2R mechanisms, slow growth (SG) and thermodynamic
integration (T1)* simulations were used to identify the
(Helmholtz) free energy barriers. One-dimensional collective
variables (CV) were used in SG and TI to describe the
reaction path between reactants and products. The CV were
formed by a combination of bond distances describing the
formation and breakage of the chemical bonds, with details
provided in the Supporting Information (section $2.2, Figure
S6).

The water adsorption energies in UTL were calculated via
eq 3:

Eygs = EurLenn,o — Eure — B0 (3)

where Eyyy,,,0 is the total energy of water adsorbed in the

unit cell of UTL, E,q, is the total energy of the UTL unit cell
without water, and Ej;  is the energy of a single isolated water
molecule in the gas phase.

The energetics of reaction steps are described by reaction
energy (E,) and reaction barrier (activation energy E,)
according to eqs 4 and 5:

E, = Egg — Egg (4)
E, = Eqg — Ejg (s)

where Ejg is the total energy of the initial state, Epy is the total
energy of the hydrolysis product final state, and Eqg is the total
energy of the transition state. We will also use effective
(apparent) barriers, ES", which we define as eq 6:

fi
B = Eqge — Eyg (6)

where Epg: is the highest energy transition state along the
multiple step pathways from reactants to products.

3. RESULTS

3.1. Sample Characterization and Water Vapor
Adsorption. Water adsorption experiments were performed
with four different UTL samples at Si/Ge ratios ranging from
2.5 to 53. Adsorption isotherms were taken for parent and
partly hydrolyzed samples. The structure and crystallinity of all
synthesized and hydrolyzed UTL germanosilicates were
verified by powder XRD (Figure $2), in addition to assessing

https://doi.org/10.1021 /acs jpcc. 1c06873
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Table 1. Textural Properties of the UTL Samples before Water Adsorption Cycle (Ads,) and Samples after the First and
Second Cycle of Water Vapor Adsorption (Ads, and Ads,, Respectively)

BET* Vb Vi

Ads, Ads, Ads, Ads, Ads, Ads, Ads, Ads, Ads,

UTL-2.5 497 203 212 0.21 0.09 0.09 0.24 0.10 0.10
UTL-4.5 504 327 312 0.22 0.15 0.14 0.24 0.16 0.15
UTL-18.5 327 296 293 0.13 0.12 0.12 0.24 022 022
UTL-53 150 136 137 0.07 0.05 0.05 0.13 0.12 0.13

“Surface area in [m® g™']. *Microporous and total porous volumes in [em® g™'].

their elemental composition by ICP-OES and textural
properties by N, adsorption (Figure S3). Textural properties
derived from N, adsorption experiments of parent germano-
silicates and from the first and second water-adsorption cycles
are summarized in Table 1. The BET area and volume of
micropores reported for UTL-2.5 and UTL-4.5 (samples
obtained without a postsynthetic degermanation step) are in
good agreement with previously reported values.” All
samples provided a powder XRD pattern corresponding to
the UTL structure,” but the reflections lost intensity with the
decrease in germanium content. This decreased intensity of
diffraction patterns (Figure S2) resulted from the lower
germanium content and degree of layer connectivity after
hydrolysis. All parent samples exhibited a type I N, adsorption
isotherm; however, samples with a high Si/Ge ratio showed a
small hysteresis loop at p/p, above 0.45 (Figure S3), which is
likely the result of defects in the framework introduced by the
postsynthetic degermanation.”' ™" DFTygp, pore size distribu-
tion further confirmed the purely microporous nature of the
material (Figure $4).

The adsorption isotherms of parent samples (first adsorption
cycle) qualitatively differed from those of samples after the first
adsorption cycle (Figure 2a). The first adsorption cycle (Figure
2a) is formally a type V isotherm. Regardless of Si/Ge ratio, all

a) Ist cycle b) 2nd cycle

Quantity Adsorbed [em’.g]

0.0 02 04 0.6 08 1.0 0.0 0.2 04 06 08 Lo

Relative Pressure Relative Pressure

€}
4

w

Quantity adsorbed [mmol.g”']
w

0
0.0 0.1 02 03 04
Relative Pressure

Figure 2. First (a) and second cycle (b) of the experimental water
vapor adsorption (@) and desorption (O) on UTL samples at 20 °C
and (c) water vapor adsorption—desorption isotherms of UTL-2.5 at
20 °C with maximum p/p, = 0.30, 0.33, 0.34 and 0.41.
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UTL samples show similar water adsorption isotherms at low
p/py (below 0.3), and the adsorbed amounts are small,
corresponding to weak interactions between adsorbate and
adsorbent. However, at p/p, above 0.3, considerable differ-
ences are observed in adsorbed amounts, hysteresis loops, and
relative pressures at which water adsorption steeply increases
(Figure 2a). All isotherms exhibit pronounced hysteresis upon
desorption. The unclosed desorption branches of the
isotherms imply that some water remains within the framework
even after completing the adsorption—desorption cycle and
that this amount increases with the increase in the
concentration of framework germanium.

Each adsorption isotherm contains a low-pressure region,
where little adsorption occurs, followed by an increase in water
uptake at higher relative pressures (Figure 2a). Adsorption
isotherms of germanium-rich samples (UTL-2.5 and UTL-4.5)
show a steep increase in the amount of adsorbed water within a
narrow range of relative pressure between p/p, = 0.3 and 0.4,
followed by a plateau. For further insight, the hysteresis loop
was scanned to assess the reversibility/irreversibility as a
function of the amount of water adsorbed in UTL-2.5 (Figure
2c and Figure S5). Water adsorption was reversible up to
approximately p/p, = 0.3, qualitatively changing above p/p, =
0.3. From this point, adsorption became irreversible, leaving a
significant amount of strongly bound water in the zeolite upon
desorption. The amount of irreversibly bound water is
proportional to the maximum p/p, reached in the adsorption
experiment. As shown by the adsorption isotherms, Ge-poor
samples (UTL-18.5 and UTL-53) show significantly smaller
water uptake at p/p, > 0.30 and amounts of irreversibly bound
water than Ge-rich samples.

The irreversibly bound water indicates that some structural
changes occurred during the adsorption—desorption cycle, in
line with the extent of changes in micropore volumes (Table 1
and Figure $3) and in XRD patterns (Figure S2) observed in
parent and hydrolyzed materials. In Ge-rich samples, both the
micropore volume and the intensity of XRD reflections
significantly decreased. In Ge-poor samples (UTL-18.5 and
UTL-53), conversely, only minor decreases were detected in
micropore volumes, and the XRD pattern remained virtually
unchanged. However, after the second adsorption—desorption
cycle, all water vapor isotherms changed to type I (Figure 2b),
with a sizable water uptake in all samples from low relative
pressures and with no irreversible adsorption. Combined, these
findings suggest that hydrophilic defects were formed in both
Ge-poor and Ge-rich samples during the initial water
adsorption, albeit with significant structural change only in
Ge-rich samples. In addition, all samples became hydrolytically
more stable after the initial water adsorption (presumably due
to germanium leaching), and any further hydrolysis is
reversible.

https://doi.org/10.1021 /acs jpcc. 1c06873
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To quantify the effect of germanium content, we calculated
the following characteristics from the adsorption isotherms: (i)
the number of reversibly and irreversibly bound water
molecules and (ii) adsorption potential distributions. In Figure
3, the number of reversibly and irreversibly bound water

a) Reversible limit b) Irreversibly bound
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Figure 3. Experimental number of (a) reversibly and (b) irreversibly
bound water molecules as a function of the number of germanium
atoms per unit cell (c) Adsorption potential distributions of UTL
samples.

molecules (Table S1) is plotted against the number of
germanium atoms per unit cell (for unit cell definition see
section 2.2.1) in each sample. We found that the number of
reversibly bound molecules is indirectly proportional to the
number of germanium atoms per unit cell (Figure 3a), whereas
the number of irreversibly bound water molecules varies
linearly with the natural logarithm of the number of Ge atoms
per unit cell (Figure 3b).

The germanium content also affects the pressure range at
which the major water uptake occurs (Figure 2a), and this is
reflected by the adsorption potential distributions (Figure 3c)
that measure the rate of adsorption as a function of water
vapor chemical potential, that is, as a function of a negative
logarithm of the relative pressure (see section 2.1.2). The
largest maxima in adsorption potential distribution A,
corresponds to the major peak in the water uptake and shifts
to higher relative pressures as the Ge content decreases. In
addition, the modality of adsorption potential distributions
increases with Si/Ge; only one maximum is clearly discernible
for UTL-2.5, whereas multiple local maxima are identified in
UTL-4.5, UTL-18.5, and UTL-53, thus suggesting that the
heterogeneity of water interaction sites/modes increased with
the decrease in Ge content. Lastly, adsorption potential
distribution modes corresponding to the heterogeneous
interaction sites/modes in UTL-4.5, UTL-18.5, and UTL-53
samples overlap, indicating that water interacts with them
simultaneously. In summary, the water vapor adsorption
experiments revealed that water adsorption on germanosilicate
UTL samples proceeds in two modes: a reversible mode at
relatively low water vapor pressures up to about 0.3 p/p, and

an irreversible mode at higher water vapor pressures, from
which point a portion of adsorbed water molecules remain in
the zeolite framework even when the water partial pressure
drops to zero.

3.2. Mechanistic Analysis. To assess the effect of Ge
content and water loading on water adsorption, we performed
simulations for UTL models with various Si/Ge ratios,
considering both low- and high-water regimes in micropores
(1 and 18 water molecules per UTLunit cell, respectively) and
both nonreactive (physisorption) and reactive (chemisorption)
water interactions with the framework. The results showed an
intriguing variability in water—framework interactions with
respect to water loading and Ge content.

3.2.1. Physisorption at a Low-Water Regime. Ge-Poor
UTL. We evaluated water physisorption near an isolated Ge
atom in the UTL framework for the 1Ge-UTL pristine
(nondefective) model (see section $2.3 for details) considering
germanium located in framework positions of the D4R unit,
near the D4R unit, and in the 2D layer (Figure 1). After
calculating the adsorption energies of single water molecules
adsorbed near the Ge atom at a particular T site and in a
similar position in the purely siliceous model of UTL (0Ge-
UTLmodel), we determined that the adsorption affinity near
an isolated germanium atom was relatively low (Table S2). In
our modeling, we identified two types of water adsorption
complexes: (i) O-down complexes (close O,—Ge contact in
the range 2.34—2.83 A) in which germanium acts as a Lewis
acid site, extending its coordination sphere to five,"” and (ii)
H-down complexes, which show no specific germanium—water
interaction and are characterized only by one or two close H,—
Oy contacts (2.04—2.52 A). These structures are similar to
local minima of water adsorbed in the purely siliceous UTL
framework, not only in geometry but also in adsorption
energies (see Table S2 and Figure $7b). O-down water
complexes, when allowed by the framework, are typically 5—10
kJ mol™ more stable than H-down complexes. The most stable
water complex is the O-down water complex on the T4 site,
with an adsorption energy of —38 kJ mol™'. The average water
adsorption energy on 1Ge-UTL models amounts to —28 + 6
kJ mol™ (in line with previously reported values for Ge-
BEA""), which is approximately 2—3 kJ mol™" higher than the
average water stabilization in the purely siliceous UTL
framework. In addition, including temperature effects in ab
initio molecular dynamics (AIMD) simulations confirms that
water affinity to germanium Lewis sites is similar to that of a
purely siliceous sample (see details about AIMD simulations
and their analysis in section §$2.3, Figures S8-—S10 in
particular). Hence, we conclude that parent, defect-free
germanium-substituted UTL with a low germanium concen-
tration (Si/Ge > 37) should be almost as hydrophobic as a
purely siliceous framework because the isolated germanium
atoms are not particularly strong water-adsorption sites.

Ge-Rich UTL. We assessed the framework Ge content effect
on water physisorption in UTL considering Ge substitution in
D4R unit which contained 1, 2, 3, 4, and 8 Ge atoms (Figure
5§7). We observed an increase in physisorption energy of up to
10 kJ mol™" over 1Ge-UTL models containing single Ge in
D4R sites. The enhanced stabilization may be related to
changes in the structure of the water adsorption complex.
Starting from the 3Ge-UTL model, water can interact with two
Ge atoms, forming two pentacoordinated Ge centers (Figures
§7d—f and S11).

https://doi.org/10.1021 /acs jpcc. 1c06873
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Figure 4. Scheme summarizing mechanisms identified in this study as a function of water loading and germanium content. The corresponding
activation and reaction energies for each mechanism are provided above and below the reaction arrows, respectively. Atoms initially present in the
zeolite framework are written in black, and atoms originating from the water solvent are highlighted in blue.

3.2.2. Hydrolysis at a Low-Water Regime. We considered
the hydrolysis of Ge—O bonds in both Ge-poor and Ge-rich
environments and found that, unlike physisorption, hydrolysis
proceeds via qualitatively different mechanistic routes in both
environments (see Figure 4).

Ge-Poor UTL. We analyzed the mechanism of Ge—O bond
hydrolysis for three different locations of Ge atoms, always
considering all four adjacent framework oxygen atoms (Figure
§12). Hydrolysis starts via an equatorial step (Figure 4), as
previously described in the literature for the hydrolysis of Si—
8] bonds,'7’4x_5' with reaction barriers of at least 65 kJ mol .,
The equatorial mechanism starts with the approach of a water
molecule to the Ge—O bond. The water oxygen (O,,) atom
interacts weakly with the Ge atom, with a local minimum on
the potential energy surface corresponding to adsorption (see
previous section). A four-center transition state is reached, in
which a bond is formed between O and Ge, and a second
bond is formed between a water hydrogen (H,) and the
framework oxygen (Oj) adjacent to Ge. These new bonds are
formed as the intramolecular water O—H bond and the
framework Ge—O bonds are weakened. The reaction product
is an unstable QGe species (Figure 5). In this configuration,
germanol and silanol groups partly repel each other attempting
to occupy the same position in space with hydrogen bonding
unable to compensate for the induced strain. In addition, their
alignment is optimal for the reverse dehydroxylation. Thus, the
equatorial reaction step is endothermic, and its products are
unstable (reaction energies above 33 kJ mol ™, Figure S12).

Both reaction energies and activation barriers vary between
individual Ge—O bonds (33—130 and 65—134 kJ mol ',
respectively), but they do not depend significantly on the
location of the framework Ge atom (in the D4R unit, next to
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Figure 5. Calculated reaction profiles of the initial phase of
UTLhydrolysis in the low-water regime (1 H,0/UC) in Ge-rich
and Ge-poor models. Only the reaction profile of the most labile Ge—
O bonds are depicted (see the Supporting Information for the
reaction profiles of other bonds). The black line represents the
reaction profile of the Ge-poor UTL model, with one Ge atom
substituted at the T1 site. The pink line represents the reaction profile
of the Ge-rich UTL model, with all T sites in the D4R unit substituted
by germanium atoms. The structures of the initial, intermediate, and
final states are shown in the inset. Energies are expressed as kJ mol™".
Germanium atoms are highlighted in violet.

D4R, and in the 2D layer, Figure 512) when comparing
minimum-energy paths for each T site. The equatorial
products are somewhat less unstable for layer (T4) and
D4R-adjacent (T7) sites than for the D4R T1 site, which could
be related to the larger stram in D4R sites. A similar
observation about instability of the equatorial Q*Ge products
was reported earlier for Ge-poor BEC zeolite.”” Given the

https://doi.org/10.1021 /acs jpcc. 1c06873
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Figure 6. Calculated free energy profiles of the first hydrolysis step at a high-water content according to the (a) axial mechanism with a low Ge
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content and the (b) final S2R product for the 8Ge-UTL model.

instability of the equatorial Q%Ge products, we considered
further transformations. The equatorial Q*Ge product (Figure
5) can be inverted (when allowed by the topology; see section
$2.4) into an axial Q*Ge product (Figure 5) by Ge—OH group
transfer to an axial position with respect to the initially
adjacent silanol group. Hence, we identified this two-step
process as an equatorial-inversion (EI) mechanism.

Regardless of the location of framework Ge, axial products
are only 2—14 k] mol™" above reactants, and hydrolysis may
accordingly proceed further. Similar inversion mechanisms
have been previously proposed for tin-containing zeolites.””*
The inversion barriers vary significantly between Ge—O bonds
(see section S2.4 for more details). In a feasible inversion step
at the T1 site, the inversion is associated with an activation
barrier of ~43 kJ mol ™", As a result, the overall effective barrier
for breaking the first Ge—O bond in UTL can be as high as
106 kJ mol ™. Moreover, evaluations of further hydrolysis steps
(Q - Q@ Q= Q) and Q' = Q" steps) also show that at
the low water limit the initial Q" — Q7 step is the rate-limiting
step (Figure $13).

Ge-Rich UTL. The hydrolysis of Ge-rich UTL proceeds via a
(double) geminal germanol mechanism (Figure 4 and Figure
S14), with an activation barrier of 70 kJ mol™" and a reaction
energy of 29 k] mol™" for the 8Ge-UTL model (D4R unit
consisting of eight Ge atoms). The geminal mechanism starts
with water adsorption between two Ge atoms of a D4R edge
(Figure 5). In the transition state, the incoming water deposits
one of its hydrogens (H,,) on the framework oxygen (Of) of
the Ge—O—Ge unit, with the remaining OH group attaching
to one of the Ge atoms in the Ge—0O—Ge unit. The reaction
ends with a distortion of the D4R unit that allows the OH
group of water to bridge to the second germanium in the Ge—
O~—Ge unit. The final double geminal product (Figure 5)
contains the Ge—(OH,,)(0,H,,)—Ge motif in which both Ge
centers are five-coordinated, with all Ge—O bonds mildly
elongated (by about 0.15 A).

Similar geminal mechanisms have been reported earlier for
aluminosilicate zeolites by Malola et al,,'”** termed the vicinal
disilanol mechanism, albeit with much higher reaction barriers
when forming either double geminal silanols or geminal
aluminol and silanol pairs. From the geminal product, the
hydrolysis can proceed via the standard equatorial-inversion
mechanism (Figure $14b), but the overall effective barriers (70
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kJ mol™') are lower and the reaction energies (—49 k] mol™)
more favorable than in Ge-poor UTL. Hence, even under low-
water concentration conditions, the probability of germanosi-
licate UTL hydrolysis increases with the germanium content.
However, the activation barriers are still high, and the initial
reactions are endothermic.

Limits of the Low-Water Regime Model. Under low-water
conditions, the model becomes less realistic as hydrolysis
proceeds (or in the second adsorption/desorption cycle)
because hydrolytic intermediates/products significantly in-
crease the hydrophilicity of the UTL framework. For
quantitative purposes, we considered models in which a single
water molecule adsorbs on the double geminal product of the
8Ge-UTL model and on the axial and equatorial-inversion
products of the 1Ge-UTL model (see Figure 5 and Table $3).
The hydrogen bonds between hydrolytic intermediates and
water are strong, with stabilization ranging from 52 kJ mol™, in
the double geminal product of the 8Ge-UTL model, to 68 kJ
mol™!, in the Q' equatorial-inversion product of 1Ge-UTL
(see section $2.4 for more details). This stabilization is already
comparable to that of a water molecule in liquid water,”>**
increasing the affinity of UTL to water almost 2-fold over
pristine UTL (see section 3.2.1). Hence, once the hydrolysis
associated with the formation of hydrophilic intermediates
starts, the equilibrium water loading in such an incipiently
defective UTL should rise steeply (see also experimental data
in Figure 2a,b).

3.2.3. Hydrolysis at a High-Water Regime. Experimental
adsorption isotherms show that at relative water pressures p/p,
= 0.3-0.4 UTL samples abruptly adsorb large amounts of
water, increasing the mean water concentration from 1 to 2 to
approximately 12—24 water molecules per unit cell, depending
on the Si/Ge ratio of the sample. Therefore, in the next step,
we considered models with a significantly increased water
concentration inside the UTL channels using biased AIMD
simulations. We focused on a single, high-water loading model
with 18 waters/UC, which we used for all our Ge-UTL models
with varying Si/Ge ratios. As in section 3.2.2, we considered
water interactions with the germanium-poor and germanium-rich
framework, limiting our investigation to Ge exchanged in T
sites in the D4R unit. The results showed that water
interactions are qualitatively different in these regimes (see
Figure 4).
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Figure 7. Time evolution of multiple characteristics derived from equilibrium AIMD simulations of the 4Ge-UTL model with 18 H,0/UC: (a)
Number of O,—H bonds between the oxygen atom of water, O,, inserted into the Ge—O—Ge unit, during the AIMD simulations, and the
hydrogens in the unit cell. The insets show representative snapshots of the trajectory depicting structures with one O, —H bond, ie, Ge—
(0p(0,H,)—Ge unit, and without a O,,—H bond, i.e, Ge—(0)(0,)—Ge unit. (b) Minimal distance between the oxygen atom (formally O,
termed O, 44.) inside the ring and all four Ge atoms when the S2R product, i.e., Ge—(0O¢)(O,,)—Ge unit, is formed during AIMD simulations. The

inset shows movement of the oxygen atom O,

sice the D4R unit during the AIMD simulations using trajectory lines (in pink).

Ge-Poor UTL. Short equilibrium AIMD simulations (40 ps)
performed with the 1Ge-UTL model (Ge in T1 site) revealed
an increased water affinity to germanium Lewis sites. During its
trajectory, a water molecule binds to germanium (see Figure
§15)) in an O-down fashion, and the O,—Ge bond is much
shorter (as low as 1.956 A) in this complex than even in the
most stable O-down complexes (at least 2.3 A long; see Figures
§10 and S11) at the low-water regime (see section 3.2.1).
Hence, the Ge atom becomes five-coordinated with five almost
equivalent Ge—O bonds (see Figure S15). The five-
coordinated germanium does not last throughout the
trajectory. However, water molecules stay close to the Ge
site (average O,—Ge distance is below 4 A) and attempt to
adsorb intermittently. Accordingly, increasing the water
content of the Ge-poor UTL framework will likely increase
the water affinity of germanium Lewis acid sites, thereby
inducing, at least intermittently, the formation of five-
coordinated Ge centers.

These five-coordinate Ge centers are actually intermediates
in a novel, low-barrier Ge—O hydrolysis mechanism, which
directly leads to the formation of stable axial Q® products
(Figure 4). The free energy barrier, AA®, of the axial
mechanism can be as low as 37 kJ mol™' (based on the
thermodynamic integration of constrained AIMD simulations;
see Table $4 and Figure 6a). The axial reaction mechanism at
the O3 framework oxygen starts with water adsorption on Ge
and the formation of the five-coordinated Ge center.
Subsequently, a proton is detached from the adsorbing water
and shuttled via a chain of solvent water molecules between
this interacting water and the adjacent framework oxygen in an
axial position. The proton shuttled via the Grotthuss
mechanism helps to break the Ge—0O bond, which is followed
by inversion of the GeO,OH tetrahedron. The mechanism
ends with the formation of silanol and germanol groups, which
are in antipositions to each other, i.e., the axial Q* product.

This axial Q* product is as in the low-water regime, only a
few kJ mol™ (11 kJ mol™') less stable than the reactants (see
Figures 4 and 6a). The activation barrier is lower in the axial-
than in the equatorial-inversion mechanism because the
framework oxygen in the axial position is more labile, as
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confirmed by population analysis, electrostatic potential maps,
and projected density of states (see Figures $17 and S18, Table
S5) of the five-coordinated Ge center. In summary, increasing
water loading in UTL channels opens up a new hydrolysis
path, the axial mechanism, by decreasing the activation barrier
to the first Ge—O hydrolysis step.

Ge-Rich UTL. Increasing the water content in germanium-
rich UTL models (above 1Ge/UC) boosts water affinity to
germanium sites and, above a critical germanium concentration
(approximately 3—4 Ge/UC), leads to an almost barrier-free
water molecule insertion into the Ge—O—Ge unit (see Figure
6b). We performed short (at least 20 ps) equilibrium AIMD
simulations of water adsorbed in multiple UTL models with
increasing germanium content in D4R units (2,3, 4, and 8
germanium atoms in D4R unit), with clustered Ge to probe
cooperativity effects (see Figure 57 for considered germanium
distributions within D4R).

In 2Ge-UTL and 3Ge-UTL models, after a few picoseconds
of MD simulation (see Figures S21 and $22), a water molecule
spontaneously adsorbs on germanium in either T1 or T2 sites,
forming a five-coordinate Ge center, as observed in the Ge-poor
model. This five-coordinate Ge center then remains stable
throughout the simulation (more than 15 ps). In addition, the
adsorbed water is intermittently deprotonated, thus forming a
short-lived OH group (for a few hundred femtoseconds) with
a hydroxonium nearby, i.e, another precursor of the axial
mechanism described above. The reactivity of the D4R unit
undergoes a step change when further increasing the
germanium content in D4R to 4 and 8 germaniums, following
a geminal-like mechanism, termed the S2R mechanism for
involving the formation of Ge—(0),—Ge species.

In 4Ge-UTL and 8Ge-UTL models, water almost immedi-
ately inserts itself into the Ge—O—Ge unit, loses a proton, and
pushes the framework oxygen O; (of Ge—O—Ge unit) inside
the D4R unit (see Figure 7a and Figures $23—526). After a few
picoseconds, the newly formed Ge—(0O;)(O,H,,)—Ge unit is
further deprotonated, forming the Ge—(0Oy)(0O,,)—Ge unit,
with both protons from the incipient water now solvated in the
channel, significantly acidifying the solution nearby. However,
one of the protons tends to intermittently reattach to the Ge—
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(09)(0,,)—Ge unit. Yet, the framework oxygen O inside the
D4R is not firmly attached to the incipient Ge—(0;)(0,,)—Ge
unit. Instead, this D4R unit is mobile, hopping between Ge—
O—Ge units in the D4R, and its mobility is higher in the 8Ge-
UTL model than in the 4Ge-UTL model (see Figure 7b and
Figures $23—526).

The presence of such species inside the D4R unit is
reminiscent of the well-known case of F~ anions observed in
D4R units after zeolite synthesis in hydrofluoric acid.’* ™’
Moreover, our tests show that the orientation of germanium-
filled S4R ring in D4R unit does not qualitatively change the
reported findings (see Figure $25). In conclusion, in line with
the experimental observations discussed above (see section
3.1), our simulations indicate that the framework reactivity to
water increases with the germanium content and that the
hydrolysis dynamics abruptly change after a critical germanium
content of approximately 3—4 Ge/UC wherefrom the S2R
mechanism prevails.

To quantify the favorability of the $2R mechanism (Figure
4) as a function of the germanium content, we calculated free
energy reaction profiles for this mechanism by thermodynamic
integration of constrained AIMD simulations (see Table S4
and Figure 6b). We considered all UTL models with varying
degrees of germanium exchange employed in previous sections
(1,2, 3, 4, and 8 germanium atoms in the D4R unit). The S2R
mechanism in the 1Ge-UTL model does not lead to a stable
82R (or even geminal) product but instead to an equatorial
product after short equilibration (see Figure $27). In all the
other models with higher Ge content, the S2R mechanism
leads, at least, to metastable products, and all activation
barriers are very low (below 15 kJ mol™"). The main difference
between low-Ge (2Ge- and 3Ge-UTL) and high-Ge (4Ge- and
8Ge-UTL) models lies in the stability of the S2R products; the
reactions are very exergonic in models with a high Ge content
(AA,, < =30 kJ mol™"), whereas they are almost free energy
neutral in models with a low Ge content (AA_, =0 + 10 k]
mol™"). Hence, with enough germanium in the D4R unit, the
S2R step can provide excess energy to the system (between 30
and 50 kJ mol™'; see Table $4), which may be used for further
reactive transformations, such as hydrolysis of Ge—O bonds,
e.g., by using axial and equatorial-inversion mechanisms.

Based on our preliminary tests for further decomposition
steps, starting at the S2R product (see Figure S28), the
apparent activation barrier to the S2R step followed by Ge—O
hydrolysis becomes negligible (AAxaPP ~ 0—20 kJ mol ™), with
Ge—0O hydrolysis proceeding via either the axial or equatorial
mechanism. Overall, these findings indicate that the UTL
framework should become much less hydrolytically stable
when enough germanium is clustered in $4Rs (as a part of
D4R) and that the water solution inside the zeolite channels
becomes extremely acidic (with two protons solvated in 17
waters, ie, pH ~ —I, corresponding to a solution of ~6 M
strong acid).

4, DISCUSSION

4.1. Experiment vs Theory: (Ir)reversible Adsorption.
Water adsorption in pristine Ge-UTL proceeds in two modes
(depending on the water relative partial pressures), one
reversible and the other irreversible, in which a portion of
adsorbed water is fixated in the zeolite framework even when
the water partial pressure drops to zero. The reversible mode,
at low water partial pressures, results from the physisorption of
water molecules in the interior of pristine Ge-UTL samples.

The interior of Ge-UTL is only mildly less hydrophobic than
that of its purely siliceous counterpart, in line with meagre
water uptakes (approximately 1—2 waters per UC) up to
relatively high water partial pressures (from 0.36 to 0.53 for
UTL-2.5 and UTL-53, respectively).

Upon increasing the water partial pressure, the irreversible
regime sets in accompanied by a steep increase in water
loading, most likely associated with the reactive hydrolytic
processes that generate hydrophilic defects containing silanol
and germanol groups. These hydrophilic defects draw more
water into the Ge-UTL channel system. As shown in our
biased molecular dynamics simulations, this increased water
loading decreases the reaction barriers to and energies of
hydrolysis of Ge—O bonds, which generates further hydro-
philic defects, In turn, these defects draw even more water
inside, thereby establishing a positive feedback loop. However,
as Ge-UTL micropores fill up, and all available hydrolytically
labile bonds are already broken, the adsorption isotherm starts
to level off. Because a step increase in water uptake is
associated with reactive events that consume water molecules,
the desorption branches are not closed, thus matching the
irreversible regime of water adsorption.

A similar irreversibility has been observed in high-pressure
water intrusion—extrusion experiments, in some zeosils (LTA,
BEC, and BEA).”® The second water vapor adsorption cycle,
however, shows almost no irreversibility (Figure 2), indicating
that the irreversible adsorption regime is exclusive to pristine
Ge-UTL samples. Any further interaction between water and
the framework is completely reversible.” In other words, after
the first water vapor adsorption cycle, no specific irreversible
adsorption sites are available to water.

4.2, Experiment vs Theory: The Role of the Ge
Content. In addition to the clear water loading-dependent
behavior of all Ge-UTL samples, the germanium content also
plays a key role in hydrolysis. First, the water loading necessary
for the irreversible regime to set in is inversely proportional to
the germanium content. However, this experimentally
observed function is more adequately framed in terms of the
water density per UC necessary for the irreversible regime to
set in in two modes: (i) more than two waters/UC on average
for Ge-poor samples (UTL-53 and UTL-18.5) and (ii) only a
single water/UC on average for Ge-rich samples (UTL-2.5 and
UTL-4.5). This finding broadly agrees with our mechanistic
data, which also indicate that the hydrolytic lability of UTL
samples depends on the Ge content.

In both low- and high-water regimes, the effective activation
barriers and reaction energies are significantly more favorable
in Ge-rich than in Ge-poor models (see sections 3.2.2 and
3.2.3). Although computationally determining the exact water
density required for the irreversible regime is still beyond the
scope of this study, our data suggest that irreversibility is
unlikely to occur without the collective action of multiple
water molecules at a Ge site, in both Ge-poor and Ge-rich
samples. In Ge-poor samples, the average experimental values
of critical water density per UC are lower (~2.2 waters/UC)
than the length of the water chain, based on our calculations
(~5—6). However, water—water interactions are much
stronger than water— (pristine) —zeolite interactions (see also
section 3.2.1)."”%° Therefore, water should form clusters rather
than remain homogeneously distributed throughout the
channel system, thus leading to heterogeneous water density
in pristine Ge-UTL samples in which the water density may
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locally cross the threshold necessary for (collective) mecha-
nisms.

The extent of irreversibility, that is, how many waters are
irreversibly bound to the framework, is positively correlated to
the germanium content. In particular, experimental data
highlight a logarithmic variation as a function of the
germanium content. This logarithmic function indicates that
the irreversibility tends to saturate as the Ge content increases
and can be separated into approximately two modes (see
section 3.1). To link this observation to our simulations, we
normalized the number of irreversibly bound water molecules
to the germanium content, that is, to the number of water
molecules (irreversibly) consumed per Ge during hydrolysis.
These values also show two Ge-content-dependent modes: (i)
approximately 1.3—1.4 water molecules consumed per Ge in
Ge-poor samples (UTL-53 and UTL-18.5) and (ii) approx-
imately 0.55—0.75 water molecules consumed in Ge-rich
samples (UTL-2.5 and UTL-4.5).

To put these values into context, excision of a single, isolated
Ge from the framework requires breaking four Ge—Q bonds
and thus consuming four water molecules per Ge. In contrast,
dissecting the whole D4R unit packed with Ge atoms from the
UTL layers, despite breaking eight Ge—O bonds, requires only
one water per Ge, and the number of water molecules per Ge
drops even more as germanium oxide aggregates. Lastly, layer
reconnection, i.e.,, dehydroxylation, could release water,
decreasing the amount of water consumed per Ge. Combined,
these findings indicate that during the irreversible regime of
water adsorption in Ge-UTL samples, either large Ge oxide
clusters (tetramers and larger) are formed as the end-products
of complete hydrolysis, possibly associated with the layer
reconnection, or Ge is only partly hydrolyzed, with Ge atoms
retaining some connectivity with the framework, as shown in
Sn-zeolites.””**

The formation of large Ge clusters as the end-product of
complete hydrolysis™ is supported by evidence from previous
theoretical and experimental (NMR) studies on the stability of
“magic number” hydroxylated silicon and germanium clusters,
in particular (8i0,),2H,0 and (8i0,)g-4H,0,” which are
essentially the hydroxylated forms of the D4R and S4R
building units.**~"* In turn, partial Ge hydrolysis is supported
by our preliminary simulation data (Figure S19) on the
additional hydrolysis step (Q® — Q7) in low-Ge models,
showing an increase in reaction barriers for the axial
mechanism of approximately 70—80 kJ mol™, which therefore
competes with the equatorial mechanism. A possible
explanation is the interference of silanol/germanol groups in
the Grotthuss proton transfer (Figure $19), which hinders
further hydrolysis of isolated Ge atoms. We have previously
observed incomplete hydrolysis of the aluminosilicate frame-
work in liquid water under ambient conditions when studying
the oxygen exchange mechanism in AI-CHA.” Hence, as
shown in Sn-zeolites,’” the number of water molecules
consumed per Ge (~1.3) indicates that partial hydrolysis
prevails in Ge-poor UTL samples with mostly isolated Ge
atoms.'® In Gerich UTL samples (0.55—0.75), the much
lower water consumption per Ge can be related to the excision
of larger clusters (D4R-like octamers and S4R-like tetramers,
among others) from the framework (see Figure 529), possibly
followed by further agglomeration and partial reconnection of
delaminated layers.

The presence of two Ge-content-dependent modes (in the
number of irreversibly bound water molecules and in the water

loading necessary for the irreversible mode to set in; see
discussion above) implies the existence of a critical Ge
concentration at which the mode switches. On the basis of a
simple piecewise linear fitting of available data points for each
mode (see Figure 3), we determined that this critical
concentration is approximately 4 Ge/UC (Si/Ge ~ 8.5).
Furthermore, as well documented in the literature,'”'®
germanium in UTL preferentially occupies the D4R units,
and the occupation of S4R units parallel to the layer may
enable UTL delamination."® Our analysis of such a preferential
clustering of Ge atoms in our computational models (see
section 3.2.3) clearly shows that increasing the Ge content in
S4R (as a part of D4R unit) from two to four atoms not only
lowers the reaction barriers to the first hydrolytic step but also
significantly stabilizes (by ~60 k] mol™') the resulting S2R
products. As a result, the reaction becomes highly exothermic
and may provide the necessary surplus energy for further
reaction steps. Hence, the critical Ge concentration of ~4 Ge/
UC is linked to the formation of germanium clusters in UTL
S4R units (within D4R units).

4.3. Generality of the Reaction Mechanisms. The
hydrolytic mechanisms discussed in this study of the Ge-UTL
model should be applicable to other zeolites with Lewis acid
sites, such as tin and titanium zeolites for several reasons. First,
we have previously observed the axial mechanism in Si—O—5i
hydrolysis, in a purely siliceous CHA model,” confirming the
general nature of such a mechanism. Second, this expectation is
corroborated by recent reports of the formation of stable Q°
axial products in Sn-BEA based on static DFT calculations.” "
In addition to the axial mechanism, the geminal and S2R
mechanisms could also be theoretically generalized for tin or
titanium zeolites given the propensity of these atoms, similar to
germanium, to increase their coordination beyond four.
However, tin and titanium zeolites can be typically prepared
only with a very low heteroatom content. Therefore, such
mechanisms may not be applicable to the selective hydrolysis
of these zeolites.

The hydrolytic mechanisms identified in this study should
also be applicable to other zeolite frameworks. The axial
mechanism is favored when (i) T sites are accessible and (ii) a
stable Q*Ge axial product can be formed without strong steric
hindrance within the framework (see section §2.4). In
particular, the T site must be well accessible to water to
allow, on the one hand, water adsorption followed by the
formation of a pentacoordinated Ge center and, on the other
hand, a proton attack to the framework oxygen in the axial
position. Taking UTL as an example (see section $2.4 and
Figure §12), the D4R and adjacent T sites are well accessible
to axial attack but not most T sites in the UTL layer. This
example further supports the (observed) increase in the
hydrolytic stability of UTL layers in comparison with the
interlayer.

This concept of accessibility can be extended to other
zeolites and used to gauge their propensity to selective
hydrolysis, justifying, for example, difficulties in the delamina-
tion of zeolites with three-dimensional channel systems.”’ In
addition to the axial mechanism, the geminal and S2R
mechanisms should also be applicable to other topologies.
However, our calculations show that the S2R mechanism
requires densely clustered germanium, e.g, in S4R rings.
Accordingly, topologies unfavorable to such a dense
germanium clustering may be hydrolytically stable even at
low Si/Ge ratios, whereas the contrary will likely be true for
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topologies favoring germanium clustering such as UTL.
Furthermore, during the S2R mechanism, the water in the
channel system should be strongly acidic (pH ~ —1), which
could help to explain, following le Chatelier's principle, why
treating Ge-rich zeolites with strong acids®’ hinders excessive
degermanation and enables controlled degermanation without
a loss of crystallinity.

All novel reactive water—framework mechanisms discovered
in this study are cooperative'**° and depend on germanium
or water content nonlinearly. In other words, these low-energy
mechanisms are very difficult to predict a priori, and (i) the
§2R mechanism becomes viable only at a specific threshold of
four Ge atoms clustered in S4R, whereas (ii) the axial
mechanism becomes available only once enough water
molecules can shuffle a proton toward the more reactive
framework oxygen in the axial position O,,. We can more easily
understand and justify the viability of these mechanisms, for
example, by analyzing the charge distribution on O, or by
visualizing the cooperative bonding of germanium atoms in
S4R to the additional oxygen embedded in the D4R unit.
However, this is typically possible only in hindsight. Therefore,
open-ended dynamical simulations must be used to both avoid
our biases regarding expected reaction paths and investigate
models under realistic conditions. Various types of reactive
molecular dynamics simulations®*® stand out as ideal
solutions to this problem, particularly in the mechanism
exploration step, despite its significant computational costs at
present. Nevertheless, these costs will most likely plummet in
the future with the advent of accurate reactive machine
learning potentials.”*~

4.4. Potential of Water Vapor Adsorption as a
Characterization Method. Water vapor adsorption on
UTL-zeolite revealed the complex nature of the hydrolysis of
germanosilicates. Other methods, such as in situ solid state
NMR,” have been previously used to investigate the hydrolysis
of germanosilicates. However, only the water vapor adsorption
has enabled us to directly observe the response of the zeolite to
water loading. Using this method, we were able to determine
the threshold of water loading (or partial pressure of water
vapor) needed for the irreversible hydrolysis mechanism to set
in.

The irreversible interaction occurs within a relatively narrow
range of partial pressures, as illustrated by the adsorption
potential distributions derived from the isotherms. This narrow
range implies that the water interaction sites are energetically
similar, as found in Ge-rich UTL samples with an almost
unimodal adsorption potential distribution. These findings
correlate with the preferential location of Ge in the D4R units
and could be connected to the ability of Ge-rich samples to
undergo delamination, ie, very selective hydrolysis. Con-
versely, in Ge-poor samples, the adsorption potential
distributions are multimodal, suggesting heterogeneous water
interaction sites. These modes also overlap significantly.
Consequently, the hydrolysis of Ge-poor UTL samples cannot
be highly selective.

Considering the above, the location and content of Ge are
crucial for the successful preparation and stability of
germanosilicates and for their ability to undergo ADOR
transformation.”> The water vapor adsorption provides key
insights into the response of germanosilicates to water and may
prove valuable for assessing the stability of new materials and
for estimating the most suitable conditions for their trans-
formations. As such, water vapor adsorption will likely become

a standard characterization method for ADORable germano-
silicates and other related materials.

5. CONCLUSIONS

We investigated the hydrolysis mechanism of germanosilicate
UTL using combined experimental and computational
methods. The experimental water vapor adsorption isotherms
revealed that adsorption consists of two different modes: one
reversible, at low partial pressures, and the other irreversible, at
high partial pressures. The amounts of water adsorbed in both
modes depend on the germanium content, displaying a step
change in the amount of irreversibly adsorbed water molecules
approximately at Si/Ge = 8.5, which is equivalent to ~4
germaniums per unit cell. The simulations at the density
functional level, including biased molecular dynamics, clearly
related such two-modal behavior to water physisorption at low
water partial pressures and to reactive hydrolytic trans-
formation at high partial pressures.

Reactive hydrolysis proceeds along newly established,
energetically favorable mechanisms involving collective action
of water molecules, which require sufficient water loading in
micropores. Furthermore, simulations confirm the existence of
an abrupt change in framework reactivity toward water in high-
germanium models, which we relate to the availability of a
novel, highly exergonic S2R mechanism involving water
splitting, solution acidification in the micropores, and
formation of Ge—(0),—Ge species. The clustering of
germanium in S4R rings is essential for stabilizing Ge—
(0),—Ge species and for making the S2R mechanism highly
exergonic. This implies that germanium distribution in D4R
units plays a key role in the propensity to delamination of
zeolite layers. Although the importance of germanium
distribution for delamination has been acknowledged be-
fore,'™% the underlying mechanistic remained unknown until
now.

Based on our results, we also hypothesize that germanium
tends to be leached from Ge-rich UTL samples in the form of
Iarge clusters (e.g., tetramers or octamers), whereas Ge-poor
UTL samples undergo different transformations such as (i)
complete hydrolysis of a germanium in specific T sites ending
up with small hydroxylated germanium clusters or (i) partial,
possibly reversible, hydrolysis of germanium in most T sites.
However, further studies are required to test these hypotheses.

This study not only identifies previously unknown hydrolysis
mechanisms for germanium-substituted zeolites, which will
likely be generalized to other Lewis acid zeolites, but also
explains the observable disassembly behavior of ADORable
zeolites at the microscopic level. Furthermore, we also provide
compelling evidence of the importance of realistic, open-
ended, molecular dynamics simulations to discover the
complex cooperative mechanisms that occur at the interface
between zeolite and water. Ultimately, our work may also help
find conditions for the controlled disassembly of ADORable
zeolites and, consequently, for the targeted synthesis of novel
zeolites.
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ABSTRACT: The application of the Assembly—Disassembly—Organization—Reassembly P
(ADOR) protocol to the synthesis of germanosilicate zeolites has become a major milestone in g 7 v'r: ! 2=
material design by enabling the preparation of previously unknown “isoreticular” zeolites with 1y | '

tunable building units (i.e., -d4r-, -s4r-, -0-) connecting crystalline layers. Two processes operating 2 De:::f“r;:gc::z;t -
in the disassembly step, deconstructive “deintercalation” and reconstructive “rearrangement”, | =l e 9 g
determine the structure of ADOR-derived zeolites. However, independent management of these l "\‘ﬂ o fit )
key ADOR processes, which would be desirable to regulate the characteristics of the products, has 04 L

remained elusive thus far. Herein, we report a new method for controlling the primary steps of the

ADOR process and present the first example of a “cycled” structural transformation of interlayer units (d4r — s4r — d4r) in the
germanosilicate UTL zeolite under “slow deintercalation”/“fast rearrangement” conditions. The “slow deintercalation” mode of
ADOR enabled us to prepare the previously known OKO, *PCS, IPC-7 zeolites via gradual reduction of interlayer units in UTL
(d4r — d4r/s4r — s4r — s4r/-O-), in contrast to conventional rearrangement-driven synthesis (-O- — s4r/-0- — s4r..). X-ray
powder diffraction (XRD), sorption, and solid-state NMR time-resolved studies revealed that the “slow deintercalation/fast
rearrangement” modification of ADOR makes it possible to adjust the pore architecture of germanosilicate zeolites toward increasing
their micropore size, which has never been achieved before in the classical ADOR mechanism. Therefore, “slow deintercalation” or
“slow deintercalation/fast rearrangement” routes provide a tool for controlling the “isoreticular” zeolite structure. Ultimately, the
results from this study may facilitate the design of previously predicted but inaccessible members of the ADORable zeolite family.

1. INTRODUCTION

Zeolites are microparous crystalline elementosilicates (E = Al,
Ti, Sn, Ge, among others) widely used in adsorption, separation,
and catalysis. Hydrothermal crystallization, the traditional
method for the preparation of zeolites via a sequence of
reversible polymerization/depolymerization steps, has made it
possible to synthesize most of the 252 zeolite framework types
known thus far,'" However, the high lattice energies of most
theoretically predicted frameworks have precluded the direct
synthesis of zeolites with unusual structural and textural
characteristics (e.g., those with odd-membered rings).2 The
recently discovered ADOR strategy (involving Assembly—
Disassembly—Organization—Reassembly steps) applicable to
germanosilicate zeolites benefits from the irreversibility of the
final material-forming step and thus has allowed synthetic
chemists to expand the number of zeolites.” The fascinating
chemistry of germanosilicate zeolites, particularly the postsyn-
thesis modification of their framework structure and chemical
composition,”™ has been camprehensively reviewed in ref 9
The success of the ADOR approach in the preparation of new
zeolites has been already exemplified by the disassembly—
organization—reassembly of UTL,'""" vov,'>"* tww,'*+~1¢
and *CTH'"""? germanosilicate frameworks composed of silica
layers connected with Ge-enriched d4r units selectively
removable upon hydrolysis (Scheme 1). Studies™™>* on UTL
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germanosilicate revealed that two key processes operating in the
disassembly step determine the structure/pore architecture of a
zeolite formed upon ADOR transformation: (i) “deintercala-
tion”, that is, breaking of Ge—O(Ge) or Ge—O(Si) bonds and
diffusion of some or all species that left the zeolite framework off
the interlayer space and (ii) “rearrangement” of some species,
which might not have diffused out of the interlayered space to
form various interlayer-connecting units in a “daughter” zeolite.
The concentration of water molecules inside the pores plays a
key role in both the breaking and making of the T—O bonds in
zeolites™ during the disassembly step. High-water experiments
(liquid-to-solid ratio >100 ml/g) have shown that (1) the
complete deintercalation of d4r units off UTL framework
leading to the IPC-1P layered precursor of PCR zeolite
(containing —O— interlayer linkages) is completed within ca.
5 min, regardless of pH and temperature, while (2) rearrange-
ment of IPC-1P (kinetic product of hydrolysis) into an IPC-2P
precursor of the OKO zeolite containing —s4r— interlayer

Received: October 12, 2020
January 20, 2021

Revised:

https://dx.doi.org/10.1021/acs. chemmater.0c03993
Chem. Mater. XXXX, XXX, XXX—XXX



Chemistry of Materials

pubs.acs.org/cm

Scheme 1. Controlling the Rate of Rearrangement within “Fast Deintercalation/Rearrangement” Mode of the ADOR Strategy for
the Synthesis of UTL-Derived Zeolites (Based on the Results of Refs 20—22, 24, 26)
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linkages (thermodynamic product) proceeds through an IPC-
6P intermediate, the precursor of the stage-structured *PCS
zeolite containing both PCR- and OKO-type linkages in a 1:1
ratio. The IPC-1P rearrangement has been shown to accelerate
with the acidity/temperature (Scheme 1, top).”” Thus, varying
the rate of rearrangement process in highly liquid systems by
adjusting the pH of UTL disassembly has made it possible to
synthesize a series of “isoreticular” zeolites with the same
crystalline layers but different connectivity (Scheme 1):**7>¢ 10
X 8-ring PCR, 12 X 10-ring OKO, 12 X 10-ring and 10 X 8-ring
#PCS, and 14 X 12-ring and 12 X 10-ring IPC-7.

Although fully hydrolyzing to IPC-1P in high-water experi-
ments, UTL was recently reported to disassemble into IPC-2P
when the water-to-solid ratio was decreased to 0.2—50 mL/g.”’
The latter, noncomplete UTL disassembly can be related to the
deceleration of the Ge—O(Si) bond cleavage with the decrease
in the water content (low-water conditions) and to the
inhibiting transport of leached species in highly viscous, low-
liquid systems. Such species trapped in the interlayer space not
only negatively affect the textural characteristics of daughter
IPC-n zeolites”” but also contribute to the uncontrolled
rearrangement of interlayer linkages. Conversely, controlling
both deconstructive and reconstructive processes operating on
the disassembly step provides a way to synthesize the previously
predicted but inaccessible families of “isoreticular” zeolites.”"*”

Continuous control over the porosity of the UTL-derived
ADORable zeolites is crucial for applications in separation and
shape-selective catalysis.”* In contrast to UTL, the fast

“deintercalation/rearrangement” mode of ADOR was not
efficient in tuning the interlayer linkages in zeolites formed
upon the disassembly of Uov,'>" IWw,"* ITH, and ITRY
germanosilicates. Herein, we report for the first time the
synthesis of UTL-derived “isoreticular” zeolites via a gradual
reduction of the d4r interlayer units (d4r — ddr/s4r — s4r —
s4r/-0-), a mechanism markedly different from the “fast
deintercalation/rearrangement” mode of the ADOR strategy
(Scheme 1) that was used so far.'>'*!'"'%*%% HCl-induced,
slow UTL deintercalation in water-free alcohol medium enabled
the preparation of previously known IPC-n (n = 2, 6, 7) zeolites
with typical structural and textural characteristics. In turn, the
“slow deintercalation”/“fast rearrangement” regime operating in
a water—alcohol medium in the presence of a framework-
building element source promoted the “cycled” structural
transformation of the interlayer units (d4r — s4r — d4r) in
the UTL zeolite. In contrast to classical ADOR, which allows us
to control the decrease in the pore size of daughter zeolites (e.g,,
UTL — IPC-n transformation), the approach reported here may
be useful for adjusting the pore architecture of germanosilicate
zeolites toward increasing their micropore size.

2. EXPERIMENTAL SECTION

2.1. Synthesis of UTL Zeolite. UTL zeolite characterized by Si/Ge
= 4.5 was synthesized using SDA of (6R,10S)-6,10-dimethyl-5-
azoniaspiro decane (DMAD) hydroxide, according to ref 31. A gel
with a composition of 0.67 Si0,/0.33 Ge0,/0.25DMAD/30 H,0 was
heated to 175 °C for 7 days under agitation (60 rpm). The solid
products were recovered by filtration, washed with deionized water, and
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dried overnight at 70 °C. Then, the zeolites were calcined at 550 °C for
6 h in the air flow.

2.2. Postsynthesis of UTL Zeolite. 2.2.1. Treatment with
Water—Alcohol Solutions. The UTL zeolite was treated with pure
alcohol (methanol, ethanol, i-propanol) and 20, 40, and 60% solutions
of the respective alcohols in water (Table 1).

Table 1. Water—Alcohol Solutions Used for Slow
Disassembly of the UTL Zeolite

alcohol concentration, wt % m (water), g m (alcohol), g
0 160 0
20 128 32
40 96 64
60 64 96
100 0 160

In total, 160 mL of each solution was heated to 60 °C and 1 g of UTL
added. The samples were collected after 1, 3, 5, 18, and 24 h. The solid
was separated by centrifugation, washed with pure alcohol (respective
to each solution), and dried at room temperature. The dried samples
were calcined at 550 °C for 6 h in an air flow.

2.2.2. Treatment with a HCl-Ethanol Solution. The UTL zeolite
was treated with a 1.25 M solution of HClin EtOH (Sigma Aldrich). As
the HCI in ethanol is highly flammable at high temperatures, the
experiment must be performed at temperatures below 16 °C or in a
closed autoclave. T'o suppress the rearrangement process, we chose to
perform the disassembly in an open vessel at 0 °C. Thus, 160 ml of the
solution was cooled down to 0 °C and 1 g of UTL added. The samples
were collected periodically for 60 days. The solid was separated by
centrifugation, washed with absolute ethanol, and dried at room
temperature. The dry samples were calcined at 550 °C for 6 h in an air
ﬂDW.

2.2.3. Treatment with Al-Containing Water—Methanol Solutions.
Aluminum nitrate nonahydrate (98%, Aldrich) was used as the Al
source. In total, 134 mL of methanol was mixed with 38 ml of water and
heated to 60 °C. Then, 34.1 g of aluminum nitrate nonahydrate was
dissolved in a water—methanol mixture, subsequently adding 1 g of
UTLto 160 mL of the 1 M Al(NO, ), water—methanol solution (water-
to-methanol w/w 40/60). The samples were collected periodically for
60 days. The solid was separated by centrifugation, washed with
absolute methanol, and dried at room temperature. The dried samples
were calcined at 550 °C for 6 h in an air flow.

2.3. Characterization. The structure and crystallinity of the
materials were examined by X-ray powder diffraction (XRD) on a
Bruker AXS D8 Advance diffractometer with a Vantec-1 detector in the
Bragg—Brentano geometry using Cu Ka radiation (1.54056 A). Before
the measurements, the samples were ground gently and packed into the
holder to decrease the effect of the preferential orientation of individual
crystals.

The morphology of the crystals was determined by scanning electron
microscopy (TESCAN Vega microscope).

High-resolution transmission electron microscopy (HRTEM)
images were acquired using a JEOL NEOARM 200 F microscope
equipped with a Schottky-type field emission gun at an accelerating
voltage of 200 kV. The samples were ultrasonically dispersed in ethanol
and then dropped onto the carbon-coated copper grids before the
measurements.

ICP-OES (ThermoScientific iCAP 7000) analysis was used to
determine the Si, Ge, and Al content of the materials. For this purpose, a
mixture of measured samples (50 mg), HF (1.8 mL), HNO; (1.8 mL),
and HCI (5.4 mL) were placed in the microwave in a closed vessel at T
=140 °C for 35 min. Then, a saturated solution of H;BO, (5.4 mL) was
added to ensure the complexation of the excess HF. After digestion, the
solutions under analysis were collected in 250 mL flasks, measuring the
volume with ultrapure water.

The Ar adsorption/desorption isotherms were collected at —186 °C
using a 3Flex (Micromeritics) static volumetric apparatus. All samples
were degassed using SmartVac Prep (Micromeritics) at 300 °C under a

vacuum for 8 h before the sorption measurements. The specific surface
area was evaluated using the Brunauer—Emmett—Teller (BET)
method and the adsorption data in the range of a relative pressure
from p,/po =0.05—0.25.*" The t-plot method was applied to determine
the volume of micropores (V,,.).”* The adsorbed amount at a relative
pressure p/p’ = 0.975 reflects the total adsorption capacity (V,,,). The
pore size distributions were calculated using the density functional
theory (DFT) model.™

Solid-state *’ Al NMR. spectra were recorded on a Bruker Advance 111
HD spectrometer working with a 9.4 T standard-bore superconducting
magnet (*”Al Larmor frequency of 104.26 MHz). The samples were
packed into a thin-wall 3.2 mm zirconia rotor and rotated at a MAS rate
of 15 kHz using a Bruker 3.2 mm HX CP-MAS probe. A pulse of 1.0 us
(B1 field approximately 95 kHz) with a relaxation delay of 1 s was
applied, averaging 2048 transients. The spectra were referenced to a
saturated solution of Al(NO,); in D,0.

The concentrations of Lewis (cL) and Brensted (c¢B) acid sites were
determined after pyridine (Py) adsorption, followed by Fourier
transform infrared (FTIR) spectroscopy on a Nicolet iS50
spectrometer with a transmission MCT/B detector. The zeolite was
pressed into self-supporting wafers with a density of ~10 mg/cm* and
activated in situ at 450 °C for 4 h. Pyridine adsorption was performed at
150 °C for 20 min at a partial pressure of 600—800 Pa, followed by
desorption for 20 min. Before adsorption, pyridine was degassed in a
series of freezing and thawing cycles. All spectra were recorded with a
resolution of 4 cm™' by collecting 128 scans for a single spectrum at
room temperature. cL and cB values were evaluated from the integral
intensities of bands at 1454 cm ™" (cL) and at 1545 cm ™' (¢B) using the
molar ‘g\bsorptiun coefficients £(L) = 2.2 cm/gmol and (B) = 1.7 cm/
umol.™

3. RESULTS AND DISCUSSION

3.1. From Complete Suppression to Slow Deinterca-
lation: Water—Alcohol Systems. The XRD patterns of the
parent UTL zeolite (with Si/Ge = 4.5) and the samples treated
with different alcohols (liquid-to-solid ratio = 160 mL/g)
showed the same positions and relative intensities of the
characteristic diffraction lines (Figure 1), revealing the lack of
the disassembly in water-free alcohol medium.

Once the water was added, the UTL zeolite began to
transform into IPC-n materials (Scheme 1), as revealed by the
development of the XRD patterns over time (Figure S1). To
assess the effect of the water-to-solid ratio on the progress of the
UTL disassembly, the zeolite samples were treated with water—

MM\.

100% MeOH|

100% EtOH

Intensity (a.u.)

P—— 'u'-_ﬁ_u_,,"u\___ P __,\_._fIIL,J =
| ‘ 100% IPrOH

_JUVLU_M Ik LWJLM

parent UTL]
T T T
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26 (%)
Figure 1. Powder XRD patterns of UTL after 24 h treatment in pure
MeOH, EtOH, and iPrOH at 60 °C, liquid-to-solid ratio = 160 mL/g.
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Figure 2. Evolution of the (200) d-spacings in zeolites recovered from water—alcohel solutions and subsequently calcined vs MeOH concentration (a)
or the type of 20% (b) or 60% alcohel solution (c) at 60 °C; liquid-to-solid ratio = 160 mL/g.

alcohol solutions of different concentrations (Table 1) while
keeping the liquid-to-solid ratio high. Figure 2 shows how the
interlayer (200) d-spacing in calcined samples changes from
14.4 A (characteristic of UTL) to 11.4 A (characteristic of
OKO), 10.1 A (characteristic of *PCS), or 9.1 A (characteristic
of PCR), depending on the composition of the liquid medium
and on the duration of the treatment. Full deintercalation of d4r
units off the UTL framework with a formation of PCR zeolite
(Scheme 1) was observed only in 0% MeOH (water-to-solid
ratio = 160 ml/g), while the *PCS zeolite was formed in 20%
MeOH (water-to-solid ratio = 128 mL/g) in 1 h (Figure 2a).
The lack of PCR-to-*PCS (or OKO) transformation in pure
water highlights the efficient suppression of the rearrangement
process under the conditions used for this purpose. Decreasing
the water-to-solid ratio decelerated the process of UTL-to-*PCS
transformation, completed after 1 and 18 h in 20 and 40%
MeOQH, respectively. The strong effect of the water content on
the progress of the UTL disassembly (first shown here under
rearrangement-suppressing conditions) univocally demon-
strates that even a small change in the water content affects

how fast the Ge—O(Si) bonds are cleaved.

The type of alcohol used as a solvent is another factor that
affects the time required for the completion of the UTL
deintercalation, decreasing in the following sequence (Figure
2b,c): iPrOH > EtOH > MeOH. Increasing the kinetic diameter
of the alcohol (MeOH (3.6. A) < EtOH (4.4 A) < iPrOH (4.7
A)) may limit the formation of the solvation shell around
leached Ge species in zeolite pores. Moreover, lowering the
polarity of the alcohol in the same sequence (MeOH (0.76) >
EtOH (0.65) > iPrOH (0.55)) may hinder the transport of
leached species from the interlayer space due to the decreased
solubility of germanium oxide.*

A stepwise decrease in the zeolite (200) d-spacing with
treatment time, observed in all studied UTL—water—alcohol
systems (Figure 2), suggests that the formation of the IPC-n
zeolites occurs according to the “slow deintercalation”
mechanism, that is, through the gradual reduction of the
interlayer units in the germanosilicate zeolite (ddr — d4r/sdr —
s4r — s4r/-0-). In contrast, the previously reported approach for
the preparation of the IPC-n zeolites is based on the
rearrangement of —O— units in the rapidly formed IPC-1P
layered precursor (ie, -O- — s4r/-O- — sdr transforma-
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Figure 3. Evolution of powder XRD patterns (a) and the (200) d-spacings (b) in IPC-n zeolites recovered from an anhydrous HCI/EtOH solution (T

=0 °C) and subsequently calcined.

tion).*"~****% The XRD patterns (Figure S1) of IPC-7, OKO,
and *PCS zeolites prepared here for the first time via the “slow
deintercalation” of UTL in a water—alcohol medium showed
phase purity and high crystallinity, albeit with poorer textural
properties (Table S1) than their previously reported ana-
logues.'***527373% [ gwer BET area and micropore volume
may be caused by a partial blockage of zeolite pores with leached
germanium oxide species.

Considering these preliminary results and the ability of CI™
anions to break the Ge—O(Si) bonds, thereby forming GeCl,,
highly soluble in alcohols, the following study has focused on
studying the UTL disassembly in a water-free CI"—EtOH
system,

3.2. Slow Deintercalation at Suppressed Rearrange-
ment: Synthesis of “Isoreticular” Zeolites in Water-Free
[CI"]1-Ethanol Systems. To control the removal of leached
species from the pores of IPC-n zeolites while slowing down the
breakage of Ge-O(Si) bonds, UTL disassembly was attempted
in a water-free ethanolic HCl solution. Importantly, both
germanium alkoxychlorides and tetrachloride, formed in such a
UTL-HCI/EtOH system, are highly soluble in ethanol. The
treatment was performed at a temperature (T = 0 °C) low
enough to slow down the rearrangement process.

Analysis of the change in the (200) d-spacing of zeolite
samples (Figure 3) recovered from the HCl/ethanol medium
after 5 h to 10 days highlights the “slow deintercalation” regime
of the UTL disassembly. Indeed, similarly to the water—alcohol
systems, d4r interlayer linkages in UTL were gradually
destroying to form IPC-7 (5 h), OKO (1-3 days), and finally
*PCS (7—10 days) zeolites. The process of UTL-to-*PCS
conversion upon low-temperature Cl™-assisted deintercalation
is clearly slower than that of the water-induced disassembly
discussed above (Figures 2 and 3). In agreement with the “slow
deintercalation” mechanism of IPC-n formation and the facile
diffusion of the leached Ge species out of the interlayer spaceina
water-free HCl/ethanol medium, the decrease in the d-spacings
of “isoreticular” zeolites is accompanied by an increase in the Si/
Ge ratio (Table S1): UTL (Si/Ge = 4.5) < IPC-7 (Si/Ge = 6.3)
< OKO (Si/Ge =8.0) < *PCS (Si/Ge = 16.0 after 10 days of the
treatment). STEM-EDS map analysis (Figure S2) shows a

uniform distribution of Ge in the parent UTL and treated
samples, suggesting that the transformation occurs evenly in
crystals. No signs of the final product of UTL deintercalation
(PCR zeolite) are detected, but the (200) diffraction line
characteristic of the *PCS zeolite decreased in intensity and
widened in water-free HCl/ethanol with the prolonging of the
treatment, even up to 60 days (Figure 3). The rearrangement
process, accelerating with time due to the accumulation of
leached species, may explain the stability of *PCS against further
deintercalation. This assumption is in line with the increase in
the Ge concentration of *PCS samples over time (Si/Ge = 16.0
and 13.4 after 10 and 35 days, respectively).

Consistent with the XRD results, the TEM images of the
samples recovered from the UTL—HCI/EtOH system showed
layer spacings characteristic of the respective IPC-n zeolites. The
crystalline material formed after 5 h (Figure 4a) was
characterized by lattice fringe separations of 1.4 and 1.2 nm,
corresponding to alternate d4r and s4r interlayer linkages typical
of the IPC-7 zeolite, while the sample treated for 1 day (Figure
4b) exhibited the d-spacing corresponding exclusively to sdr
connections of crystalline layers indicative of the OKO zeolite.

Figure 4. TEM images of the samples recovered from the UTL—
anhydrous HCl/EtOH systems after 5 h (a), 1 day (b), and 10 days (¢)
and subsequently calcined.
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Figure 5. Evolution of XRD patterns (a), Al and Ge contents (b), total concentrations of Al and fractions of framework Al atoms (¢ ), ratios between Ge
leached from UTL framework and Al incorporated (d) for the samples recovered from Al-containing water—methanol solution (T = 60 °C) and

subsequently calcined.

Lastly, the product recovered after 10 days (Figure 4c)
demonstrated two distinct interlayer spacings of 1.2 and 1.0
nm characteristic of *PCS. A detailed analysis of the TEM image
of stage-structured IPC-7 (Figure S3) revealed a higher ordering
of the sample prepared via “slow deintercalation” route than the
previously reported analogue formed in 5 M HCI aqueous
solution.”* Similarly to ref 24, the *PCS zeolite prepared in this
study (Figure S4) showed a small degree of faulting, but the
overall ratio of characteristic interlayer spacings in the sample
was close to 1:1.

The IPC-n zeolites synthesized via a “slow deintercalation” of
UTL showed the BET area and micropore volume similar to
those of the previously reported analogous zeolites prepared in
aqueous HCI solutions via conventional “fast deintercalation/
rearrangement” route (Table S1), albeit with a higher Ge
content (Si/Ge = 6.3—16 vs 80—100). The chemical
composition of these IPC-n materials prepared via the “slow
deintercalation” of UTL reflects different mechanisms of UTL

disassembly despite leading to the same “isoreticular” zeolites
with typical structural and textural properties.

3.3. “Slow Deintercalation/Fast Rearrangement”:
Cycled Structural Transformation of UTL in Water—
Alcohol Systems Containing a Source of T-Atoms.
Controlling the rates of the deintercalation and rearrangement
processes within the ADOR strategy is particularly relevant for
the rational engineering of new materials. Regulating the rate of
the rearrangement at the “fast deintercalation” has already been
successfully applied to prepare different UTL-derived ADOR-
able zeolites,”*" but the potential of the rearrangement process
to accompany the “slow deintercalation” of germanosilicate
zeolites has never been exploited for material design and is
therefore addressed below.

In low-water, high-liquid systems (i.e., water—alcohol or
HCl/ethanol solutions), sufficiently high concentrations of
silicate species involved in the rearrangement process are
difficult to reach within a reasonable pH range of stability of

https://dx.doi.org/10.1021/acs.chemmater,0c03993
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zeolite layers.‘m'41 For this reason, Al was used as an additive to
promote the rearrangement of interlayer linkages and (option-
ally) to generate acid sites in IPC-n zeolites. The XRD patterns
ofthe samples recovered after 1 min to 1 h from an Al-containing
water—methanol solution were similar to those of the parent
UTL zeolite, albeit showing a remarkable decrease in the
intensities of diffraction lines (Figure 5a). These results reveal a
disordering of the UTL framework. In turn, no change was
found in the Ge concentration of the corresponding samples
with respect to the parent UTL zeolite (Figure 5b), thus
indicating that no Ge leached out of zeolite pores.

The XRD pattern of the material sampled after 4 h contained
two visible (200) diffraction lines related to UTL (6.2°) and
OKO (7.8°),"" while prolonging the treatment not only
removed the interlayer peak of UTL (after 1 day) but also
increased the intensity of the (200) reflection of OKO, peaking
after 7 days. After 12 days of treatment, the (200) reflection of
OKO decreased sharply and the (200) diffraction line
corresponding to UTL recovered. The increase in the intensity
and the narrowing of the interlayer reflection over time (12—60
days) indicate an increasing structure ordering in the renovating
zeolite. Unprecedentedly, the full restoration of the UTL
framework was observed after 60 days under the “slow
disassembly”/fast rearrangement conditions applied. It is
evident from the XRD pattern of the respective sample showing
diffraction lines characteristic of UTL, although of lower
intensities and larger widths compared to that of the parent
zeolite (Figure 5a). The latter result is consistent with a smaller
size of the crystals of zeolite (Figure S5) recovered after long-
term treatment. Similarly, the crushing of the zeolite crystals was
reported in ref 27 upon mechanochemically assisted hydrolysis
of UTL. Consistently with XRD, the TEM images of both the
parent and the restored UTL samples demonstrated stacked
layers with a 1.4 nm repeat, which is characteristic of UTL
(Figure 6).

Figure 6. TEM images of the parent UTL zeolite (a) and the sample
recovered from an Al-containing water—methanol solution after 60
days and subsequently calcined (b).

The gradual decrease in the Ge content of the zeolite during
the 4 h to 12 day period was accompanied by an increase in the
Al concentration (Figure 5b). Accordingly, the Al MAS NMR
spectra (Figure S6) revealed a progressive incorporation of Al
atoms into the zeolite frameworks as the intensity of the peak
corresponding to the extraframework Al (0 ppm) slightly
decreased, while the intensity of the peak assigned to the
tetrahedrally coordinated framework Al atoms (~54 ppm)
increased markedly (Figure S6). The analysis of the variation of
the ratio between Ge leached from the UTL framework and Al
incorporated (Figure 5d) shows the delayed character of the

rearrangement process. While the Gey,,oped/Algamewor ratio
reached 15—25 during 1—4 h, it gradually decreased over time
to 4 after 49—60 days. The UTL-like material restored after 60
days of the treatment had Si/Al = 24 and Si/Ge = 9 and was
characterized by the uniform distribution of Al in the crystal, as
shown in the STEM-EDS maps (Figure S7).

The structural transformations of UTL in the Al-containing
water—methanol system were also highlighted by the change in
pore size distribution (PSD; Figure 7a) and micropore volume
(Figures 7b and S8). The UTL-to-OKO conversion (20 min to
12 days of the treatment) was reflected in the change from
bimodal to monomodal PSD.”” In turn, OKO-to-UTL
restoration was accompanied by the re-emergence of the peak
related to larger (14-ring) pores in the PSD curve. However, the
exact positions and the relative areas of the peaks shown in the
PSD curves of the original and restored UTL zeolites should be
carefully analyzed because the framework composition and
therefore the probe—framework interactions decisive for the
evaluation of pore size”” significantly change upon the UTL-to-
Al-UTL transformation. The decrease in crystallinity (Figure
5a) and the evident blockage of zeolite pores with Ge species
(Figure 5b) match the substantially reduced micropore volumes
of the UTL samples after 1—20 min of treatment (from 0.21
em?/g for the parent UTL to 0.08—0.09 cm®/g; Figure 7b).
Increasing the structure ordering of OKO within 1-7 days
increased the V., (up to 0.11 cm®/g, which is slightly lower
than Vﬂl.;gc _characteristic for the typical OKO sam-
ples).! 737354 The renovated AI-UTL-like material sur-
passes the previously reported Al-substituted UTL zeo-
lites”**™* with respect to the number of strong Brensted
(0.30 mmol/g) and Lewis (0.20 mmol/g) acid centers (Figure
$9) serving as active sites in a number of important catalytic
transformations,* albeit with a slightly lower V.., (0.18 cm?/
g) than the values characteristic of the hjdrotherma]ly
synthesized zeolites (0.19—0.23 cm3/g).“_45’47‘ 5

Overall, the results presented in Figures 5—7 suggest the
following plausible mechanism of UTL — Al-OKO — AI-UTL
transformation (Scheme 2):

1. Slow hydrolysis of Ge—O(Si) linkages results in the
distortion of the UTL framework and temporary blockage
of the pore system with the leached Ge species (1 minto 1
h under the conditions used in this study).

2. Progressively leached germanium is removed from the
pores and while the concentration of extra-framework Al
species increased. The resulting Al-poor OKO zeolite (1 h
to 1 day) is characterized by low crystallinity and a high
fraction of octahedral Al

3. Al incorporation into the framework along with self-
organization of zeolite layers (1—12 days) leads to higher
crystallinity of the resulting Al-enriched OKO zeolite with
Al predominantly in framework positions.

4. Al-assisted rearrangement continues at suppressed
deintercalation and results in the reconstruction of the
d4r units characteristic of UTL zeolite (12—60 days).

4. CONCLUSIONS

Deintercalation upon germanosilicate zeolite hydrolysis (dis-
assembly) can be efficiently decelerated in water—alcohol or
anhydrous HCl—ethanol media. The “slow deintercalation”
mode of ADOR was successfully used to synthesize previously
known UTL-derived “isoreticular” zeolites with typical struc-
tural and textural properties, but with a higher content of Ge. In
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Scheme 2. “Slow Deintercalation/Fast Rearrangement” of
UTL Germanosilicate in Al-Containing Water—Methanol
Solution
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contrast to conventional synthesis of IPC-n materials based on
building up the interlayer units (-0- — s4r/-0- — s4r..) in
rapidly deintercalated zeolite, the “slow deintercalation”
approach enables the preparation of ADORable zeolites via a
gradual reduction of original interlayer units (d4r — d4r/sdr —
s4r — s4r/-0O-), a mechanism suitable for the structural
transformation of most germanosilicate zeolites.

By promoting heteroelement-induced rearrangement while
decelerating the deintercalation in the water—alcohol systems
containing a source of T-atoms, we showed for the first time the
cycled structural transformation of interlayer units (d4r — sdr —

d4r) in the UTL zeolite. This result reveals the potential of
“deintercalation/fast rearrangement” modification of ADOR for
adjusting the pore architecture of germanosilicate zeolites
toward increasing their micropore size. Moreover, heteroatoms
efficiently incorporated as potential active sites in the
germanosilicate framework (up to 0.5 mmol/g), thereby
highlighting the usefulness of this new approach for catalyst
engineering.
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The assembly—disassembly—organisation—reassembly (ADOR) process has led to the discovery of
numerous zeolite structures, albeit limited to materials with decreased pore size in relation to the parent
germanosilicate zeolite. This limitation stems from the rapid decrease in d-spacing upon hydrolysis
(disassembly). Nevertheless, we have artificially increased the d-spacing of layered IPC-1P by intercalating
organic species. Furthermore, we have reconstructed double four rings (D4R) between layers, thus
transforming IPC-1P back into the parent UTL zeolite. This reconstruction has provided not only
germanosilicate but also a new, high-silica UTL zeolite (Si/Ge = 481). Therefore, our "reverse ADOR"
opens up new synthetic routes towards promising extra-large-pore zeolite-based materials with new
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1. Introduction

Zeolites are crystalline silicate-based microporous materials.
The micropore size of common zeolites is similar to the kinetic
diameters of small organic molecules." For this reason, zeolites
are extensively used in separation and shape-selective catalysis
processes. For example, they are commonly applied as hetero-
geneous catalysts in petrochemistry.>™* Moreover, zeolites have
also been modified to catalyse biomass conversion®” and fine
chemical synthesis,”® highlighting the wide range of industrial
uses of these materials.

Zeolites are commonly prepared by solvothermal (mostly
hydrothermal) synthesis'” in the presence of structure directing
agents (SDAs) and mineralising agents (OH~ or F)."* While the
hydrothermal method is versatile and easy to perform, its
mechanism remains difficult to generalise. As a result, new
zeolites are often discovered by trial and error. In contrast, the
assembly-disassembly-organisation-reassembly (ADOR) method
has been developed to prepare new zeolites and to predict their
structure based on theoretical calculations and experimental
conditions."™* The ADOR process exploits labile Ge-rich
double-four ring (D4R) units in germanosilicates, such as UTL
or *CTH."*"* The structure of these zeolites consists of Si-rich
layers connected by Ge-rich D4Rs. Upon selective hydrolysis of
D4Rs, layered materials are formed, thus preserving their
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original structure. Subsequently, these layers undergo topotactic
condensation to a new 3D structure and hence a new zeolite.
Accordingly, the ADOR is a tool for the rational design of new
zeolites by controlled 3D-2D-3D transformation.'*

The ADOR process was first studied on the UTL germanosilicate,
which hydrolyses to layered IPC-1P.'® Further manipulations of
IPC-1P layers have resulted in a whole new family of materials
(PCR, OKO, *PCS, IPC-7, IPC-9 and IPC-10; Fig. 1).'"*" The IPC
materials contain the same Si-rich layers as the parent UTL but
differ in the connections between layers and consequently in
pore size. The average pore size of IPC materials, 12-ring and
10-ring, is usually smaller than that of the parent structure
(14-ring). However, no UTL or other structure with 14-ring pores
has been formed after full 3D-2D-3D transformation until now.

The kinetics of UTL hydrolysis has been described in detail
by Henkelis et al®' UTL rapidly disassembles into IPC-1P,
thereby decreasing the interlayer distance (as measured by the
dappspacing in XRD) from 1.45 nm to 1.05 nm. As the IPC-1P
layers slowly rearrange, an IPC-2P with 1.18 nm d-spacing is
formed, but this IPC-2P is never fully reconverted into UTL
under such conditions.** Conversely, Xu et al. succeeded in
doing so when using another Ge-rich UTL, which was trans-
formed back to UTL through isomorphous substitution of Ge by
Si. This Ge-rich UTL, however, still contained the SDA. The SDA
molecules were necessary to preserve the structure throughout
the process, otherwise UTL would quickly disassemble into
layered IPC-1P. Once the layered precursor was formed, the
UTL structure could not be restored,?® so UTL restoration from
layered IPC-1P remains a challenge. Wu et al. have also reported
a 2D-3D transformation of the layered material MCM-22P."*
After expanding the interlayer distance by intercalating organic
agents, they connected the expanded layers through silanes,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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materials.

thus forming MCM-IEZ. These authors used a similar approach to
transform the layered HUS-2 to ECNU-19. However, in both MCM-
IEZ and ECNU-19, the layers were not connected by D4R units,
which are present in UTL, but instead by individual Si linkages.
Therefore, by definition, these materials are not zeolites.”
Considering the above, in this study we have developed a
method for reversing the ADOR process and fully restoring the
UTL zeolite from layered IPC-1P for the first time. In this
approach, UTL reconstruction relies on the formation of D4R
units between layers. D4Rs form either in a favourable ratio of
Si and Ge or in the presence of additional agents, such as
fluorides. The process results in a UTL zeolite with Si/Ge ratios
ranging from 8 to 400, depending on synthesis design.

2. Experimental section
2.1 Synthesis of the structure-directing agent (SDA) for UTL

(6R,105)-6,10-Dimethyl-5-anizosporo[4.5]decane hydroxide was
used as the SDA to synthetize the UTL germanosilicate.”” In total,
60 mL of 1,4-dibromobutane, 82.9 g of K,CO; and 500 mL of
acetonitrile were mixed in a round-bottom flask. Subsequently,
67 mL of 2,6-dimethylpiperidine was added dropwise, and the
mixture was heated to 85 °C and kept refluxing overnight. The
acetonitrile was evaporated, and the solid product was dissolved
in ethanol. Insoluble compounds were filtered off. Ethanol was
evaporated to create an almost saturated solution. Then, the
product was precipitated by adding diethyl ether, filtered off,
washed with ether, and dried under vacuum overnight. The
identity of the SDA structure was confirmed by 'H NMR spectro-
scopy. The product was ion exchanged to the hydroxide form
using the Ambersep 900(OH) ion exchange resin.

2.2 UTL synthesis

UTL was prepared using the hydrothermal method.* Germanium
dioxide was dissolved in SDA solution in water. Then, silica

© 2021 The Author(s). Published by the Royal Society of Chemistry

(Cab-0O-sil M5) was added to the solution, and the mixture was
stirred at room temperature until completely dissolved. The
resulting mixture, with a molar composition of 0.675i0;:
0.33Ge0,:0.4SDA:33.3H,0, was charged into a 1000 mL Parr
autoclave and heated to 175 “C for 6 days with agitation (200 rpm).
The solid product was recovered by filtration, washed out with a
copious amount of distilled water and dried in the oven at 60 “C.
The SDA was removed by calcination in air at 550 °C for 6 h, with a

temperature ramp of 1 °C min .

2.3 IPC-1P synthesis

Calcined UTL zeolite was hydrolysed in 1 M CH;COOH (250 mL
per g of sample) at 85 °C for 16 h. The product was isolated by
filtration, washed with water and dried at 60 “C.

2.4 Intercalation

IPC-1P was treated with a 20% solution of tetrabutylammonium
hydroxide (TBAOH) for 6 hours at room temperature.”” The
product was recovered by centrifugation and washed with distilled
water to neutral pH. The intercalated precursor (IPC-1TBA) was
dried at 60 °C overnight.

2.5 D4R restoration

In total, 0.1 g of IPC-1TBA was added to a 25 mL Teflon-lined steel
autoclave with 5 mL of 1.25 M HCI in ethanol and the respective
sources of silicon and germanium (see Table 1). The autoclave was
heated to 170 “C for 20 hours. The product was filtered off, washed
with ethanol and dried at 60 “C. The TBA was removed by calcina-

tion in air at 550 °C for 6 h, with a temperature ramp of 1 °C min .

2.6 Characterisation

The crystalline structure of the samples was determined by
X-ray powder diffraction (XRD) on a Bruker AXS D8 Advance
diffractometer with a Vantee-1 detector in the Bragg-Brentano
geometry using Cu Ko radiation (1.54056 A).

Mater. Adv, 2021, 2, 3862-3870 | 3863
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Table 1 Molar ratios of the Si and Ge sources in the individual reaction
mixtures and their respective labelling

Sample (EtO),MeSi (Et0),Me,Si,0 MegSi,0, POSS  (MeO),Ge

rec Sil 65.8mg  — — o =
rec Si2 -_ 49.4 mg -_ -_ —_
rec Si4 - - 26.7 mg — -
rec Si8 - s — 29.8 —
mg
rec Si-Ge 49.4 mg _— — —
(3:1)
rec Si-Ge
(1:1)
rec Si-Ge
(1:3)
rec Ge — s — —

21.9 mg

329mg  — — — 43.7 mg

16.5 mg — — = 65.6 mg

87.3 mg

(EtO),Me,Si = Diethoxydimethylsilane. (EtO),Me,Si,0 = 1,3-diethoxy-
1,1,3,3-tetramethyl-disiloxane. Meg5i,0; = 2,4,6,8-tetramethyleyelo-
tetrasiloxane. POSS = octamethylsilsesquioxane. (MeO),Ge = germa-
nium methoxide,

High-resolution transmission electron microscopy (HRTEM)
images and energy dispersive X-ray (EDX) spectra were acquired
under a JEOL NEOARM 200 F microscope with a Schottky-type
field emission gun at an accelerating voltage of 200 kV. The
samples were dispersed onto the carbon-coated copper grids
before the measurements.

Ar adsorption/desorption isotherms were collected at —186 °C
on a 3Flex (Micromeritics) static volumetric apparatus. All samples
were degassed on a SmartVac Prep (Micromeretics) at 300 “C under
vacuum for 8 h before the sorption measurements. The surface
area was calculated using the BET method and adsorption data on
a relative pressure range of p/p°, = 0.05-0.25. The #-plot method
was applied to determine the micropore volume (V). The
adsorbed amount at a relative pressure of p/p“y = 0.975 reflects
the total micropore volume and interparticle adsorption (Vig).
The pore size distributions were calculated using the Horwath-
Kawazoe method.

3. Results and discussion

3.1 Intercalation

The d-spacing between the respective layers in the UTL structure
is 1.44 nm (which corresponds to reflection at 6.14° in X-ray
diffraction using Cu Ka radiation). Hydrolysis of the D4R units
in UTL results in the layered material IPC-1P. IPC-1P consists of
silica-rich layers with a d-spacing of 1.05 nm (corresponding to
reflection at 8.41°). The first challenge in reconverting IPC-1P
into UTL was to increase the spacing between IPC-1P layers to
1.44 nm; however, the distance between IPC-1P layers cannot
spontaneously increase to the original value (ref. 21; Fig. S1, ESIT).
Hence, we adjusted this distance by intercalation. Intercalation,
or swelling, of layered silicates and zeolites commonly involves
surfactants, such as cetyltrimethylammonium hydroxide.?®*
However, their long hydrocarbon chains are flexible, and their
structure between the layers is sensitive to the pH of the
environment. Because this may produce disorder and irregularities
in the reconstructed material, we decided to intercalate the layers
with more rigid species, such as the tetrabutylammonium

3864 | Mater Adv, 2021, 2, 3862-3870

View Article Online

Paper
20% TBACH
9
"
-8
2 |
g ‘
B e &
_5h
| 3h -7
2h "o
1h "
o —
IPC-1P
T T T T T T 6
5 10 1] 100 200 300 400
20 t (min)

Fig. 2 Powder XRD patterns and positions of 200 diffraction lines of IPC-
1P intercalated with TBA* over time.

cation (TBA*).”” TBA" intercalation into IPC-1P shifted the
interlayer 200 reflection from XRD from 8.4 to 6.37°, which
is relatively close to 6.14° (Fig. 2) - the position of the 200
reflection of the UTL material.** Accordingly, TBA" is suitable
for increasing the d-spacing of IPC-1P to a distance close to that
of the UTL zeolite.

To optimise the intercalation time, we performed a kinetic
experiment with a 20% TBAOH solution. This solution has a
basic pH, which is necessary to deprotonate the IPC-1P layers,
to form silanolates, and to break the H-bonds between the
layers.** However, high pH also causes desilication,”* creating
defects and mesopores in the material, which loses layer crystal-
linity. To preserve the crystallinity of the IPC-1P layers, we shortened
the intercalation time. Fig. 2 shows the stabilisation of the
200 reflection at 6.37° for 6 hours. After 6 hours, the 200 peak
position remains constant under the conditions of the treat-
ment, thus indicating that the intercalation has ended.

3.2 Reconstruction

The aim, and the main challenge, of this study was to restore
the UTL structure by reconstructing D4R units between IPC-1TBA
layers. Numerous D4R-containing zeolites, including UTL, crystallise
mainly as germanosilicates; therefore, we reconstructed UTL using
silicon and germanium alkoxides and their combination for their
good reactivity and solubility (see Section 3.3). After silicon and
germanium incorporation, the 200 diffraction shifted from 6.37° to
6.16° (Fig. 3). New diffraction lines also appeared at 6.99, 7.35, 8.27,
9.55, 16.7 and 17.7". These diffraction lines match the XRD pattern
of the UTL structure. Moreover, these reflections remained
unchanged after calcining the sample to remove the TBA'.
These findings suggest that the reconstructed UTL is stable
without the support of organic agents.

The STEM image (Fig. 4) confirmed that the distance
between the layers is 1.41 nm and that the layers are visibly
connected as a three-dimensional framework. However, STEM
also revealed that the treatments caused some etching of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Powder XRD patterns of individual stages in the IPC-1P-to-UTL
reconstruction, using the rec Si-Ge (1:1) sample as an example.

o

Fig. 4 STEM image of the reconstructed UTL sample.

Table 2 Textural properties of the parent UTL and reconstructed UTL
material determined by Ar adsorption

BET Sexl le Vmie

(m’g™) (m*g™) (em’g™) (em’g™") Si/Ge
Parent UTL 620 52 0.27 0.25 4.47
Reconstructed UTL 808 188 0.48 0.15 7.50

crystal, thereby forming mesopores in the zeolite. The for-
mation of these mesopores is further supported by the changes
in textural properties outlined in Table 2.

3.3 Ge content effect

Germanium can stabilise D4R units in zeolites.**"® The results
shown above illustrate the structure directing effect of germanium
on UTL reconstruction. We investigated how the germanium
content affects the result in a series of similar reconstruction

© 2021 The Author(s). Published by the Royal Society of Chemistry
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experiments with varying Si:Ge molar ratios (we use the “Si:
Ge” notation to express the ratio of Si and Ge sources that we
added to the reconstruction mixture to differentiate this ratio
from the overall Si/Ge ratio of bulk samples).

XRD showed a broad diffraction peak at 7° (Fig. 5) in the
sample reconstructed without germanium. The broad peak is
caused by a non-uniform interlayer distance, thus implying that
the layers lost their ideal ordering upon calcination. The loss
of ordering likely stems from unsuccessful or incomplete
reconstruction of the D4R units that connect individual layers.
The samples reconstructed with both Si and Ge resulted in UTL
structures. The peaks in XRD are less pronounced in the
samples with 1:3 and 3:1 Si:Ge, mainly in the region from
5 to 10 “C. These patterns suggest that the interlayer ordering
contains some defects. The sample with 1:1 Si:Ge produced
the powder XRD pattern closest to that of the parent UTL
zeolite. When we used only germanium for the reconstruction,
the structure also collapsed upon calcination. Moreover, the
diffraction pattern also contained new peaks at 25.7, 35.7,
37.7 and 39.2° belonging to germanium oxide. The germanium
oxide species also appeared in the STEM image of the sample
(Fig. S2, ESI{), which had a very low micropore volume
(0.07 em® g'; Table 3). The formation of germanium oxide
may result from the high reactivity of germanium methoxide, which
forms the oxide before it can be incorporated into the framework.

!
" J.

S \'kdmu.,_——f'v“wj'“-»uw_.__;wAM
s | rec Ge (only)
§ IJ] rec Si-Ge (1:3)
=LA rec Si-Ge (1:1)
N T recSiGe(31)

L bos o e A R s
rec Si (only)

T T T T T T T UTL
5 10 15 20 25 30 35 40

20 (%)

Fig. 5 Powder XRD patterns of calcined samples after reconstruction
with different Si:Ge compositions.

Table 3 Textural properties of samples after reconstruction with different
Si:Ge compositions determined by Ar adsorption

BET (m® g ) Sex (mz g ") Vir [em® g7') Vinie (em* g77)

UTL 620 52 0.27 0.25
rec Si (only) 645 334 0.48 0.12
rec Si-Ge (3:1) 550 156 0.35 0.12
rec Si-Ge (1:1) 808 188 0.48 0.15
rec Si-Ge (1:3) 555 165 0.36 0.11
rec Ge (only) 344 139 0.34 0.07
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Fig. 6 Argon adsorption—-desorption isotherms (left) and H-K micropore size distributions (right) of samples after reconstruction with different Si:Ge

compositions.

Alternatively, the purely Ge-based D4Rs may be unstable under
the current conditions, but this assumption requires further
investigation, which is beyond the scope of this article.

The micropore volume of the reconstructed UTL samples
ranges from 0.11 to 0.15 em® g~* (Fig. 6) and is thus smaller
than the micropore volume of the parent UTL (0.25 em® g ).
These poor textural properties may be caused by incomplete
D4R reconstruction because intercalated TBA' occupy some
D4R positions. Consequently, D4R reconstruction does not
proceed until the intercalant is removed. To test this hypothesis,
we performed D4R reconstruction with 1:1 Si:Ge, as described
above, calcined the sample and repeated the reconstruction
under the same conditions. However, we observed only negligible
differences in powder XRD patterns (Fig. $3, ESIT) and adsorption
behaviour (Fig. S4, ESIf). Nevertheless, the pore volume of
the samples decreased after the second reconstruction cycle
(Table S1, ESIf) due to further damage under such harsh
conditions. This experiment disproved that TBA" significantly
hinders D4R reconstruction.

Considering the presence of germanium in its D4R, we
theorised that the reconstructed UTL may be able to undergo
hydrolysis to IPC-1P. To test this hypothesis, we performed a
hydrolysis of the reconstructed sample in water and in solution
of acetic acid at 85 “C. In both cases the 200 reflection on the
XRD pattern shifted to higher angles (Fig. S5, ESIT). The shift
suggests that the material transformed during the hydrolysis.
However, neither of the experiments produced the IPC-1P,
probably due to low germanium content or uneven germanium
distribution which prevented complete disassembly into layers.

3.4 Stabilisation by fluorides

Fluoride anions can also stabilise D4R units in zeolites. In fact,
numerous D4R-containing extra-large-pore zeolites have been
prepared in fluoride medium.*>**? Based on the above,
we assessed the effect of fluorides on D4R reconstruction.
We performed another set of experiments with varying Si:Ge
contents, with and without ammonium fluoride.

3866 | Mater Adv, 2021, 2, 3862-3870

The powder XRD patterns (Fig. 7) of samples reconstructed
with Si or Ge alone changed significantly after adding ammonium
fluoride. The samples that were synthesized with fluoride showed
200 diffraction at 6.16°, similar to UTL. This diffraction remained
unchanged even after calcination. Other reflections, characteristic
of the UTL, also appeared at 6.99, 7.35, 8.27 and 9.55” in the
sample reconstructed solely with Ge in fluoride-containing medium.
However, the powder diffraction pattern of this sample also con-
tained the peaks of germanium oxide. The sample reconstructed
with Si alone showed a similar change after adding fluorides, but
the other diffraction lines were significantly less intense. The XRD
pattern of the sample prepared with 1: 1 Si: Ge shows no significant
difference after adding ammonium fluoride.

Structural changes caused by fluoride addition to the mixture
are also identified in the pore-size distribution. The shape of
the distribution curves (Fig. 8) of Ge- and Si-only samples

- 'H- |I!

3 i, ) A\

g T, PSP | S, e ITU— N "

= ‘|| rec F Ge (only))|

= /I

o e [ R RN . S

= rec F Si-Ge (1:1)
rec F Si (only)

Parent UTL
5 10 15 20 25 30 a5 40

20 (°)

Fig. 7 Powder XRD patterns of calcined samples after D4R reconstruction
with different Si:Ge compositions, with and without NH4F.
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Fig. 8 H-K micropore size distributions of samples after reconstruction with different Si:Ge compositions, with and without NH,4F.

Table 4 Textural properties of the samples after reconstruction with
different Si:Ge compositions determined by Ar adsorption, with NH4F

BET (m® g} Sex (M*g7") Vioe em® g7')  Viic (em® g7")

UTL 620 52 0.27 0.25
Pure Si 691 341 0.56 0.05
Si:Ge1:1 555 281 0.46 0.06
Pure Ge 280 101 0.26 0.07

narrowed down. Simultaneously, the maxima of the distribution
shifted to 0.84 nm, near the 0.85 nm of the parent UTL.
However, all samples prepared in fluoride media had micropore
volumes smaller than 0.07 cm® g ' (Table 4) far lower than that
of the parent UTL (0.25 ¢m’ g !; Table 2). This decrease
may originate from framework etching by fluoride anions in
solution, leading to partial amorphisation of the material
(Fig. S7, ESIt) and/or subsequent pore blockage by amorphous
framework debris.

In summary, while fluoride anions stabilise D4R units, they
simultaneously damage the material, which accounts for the
poor micropore volumes of the samples.

3.5 Structure of the silicon source

D4R formation solely from silane molecules is unfavourable
without fluoride anions to stabilise these units. For this reason,
we investigated whether other Si sources would form D4R units,
even without using germanium or fluorides, e.g., diethoxydi-
methylsilane (Si1), 1,3-diethoxy-1,1,3,3-tetramethyl-disiloxane
(Si2), 2,4,6,8-tetramethylcyclotetrasiloxane (Si4) and octamethyl-
silsesquioxane (Si8) as Si sources. The broad diffraction peak at
7° in both Si1 and Si2 samples (Fig. 9) implies that their relative
layer arrangements lack order and that their structure collapsed
after calcination. In contrast, samples Si4 and Si8 retained a very
narrow 200 diffraction peak at 6.16°, even after the calcination.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Powder XRD patterns of calcined samples after D4R reconstruc-
tion with different Si sources.

The other diffractions at 6.99, 7.35, 8.27 and 9.55° remained
unchanged but were less intense than in the germanium-
containing sample, as shown in Fig. 3. This lower intensity
may arise from the higher silicon content of the samples Si4
and Si8.

STEM measurements (Fig. 10) further confirmed the structure
and interlayer spacing, showing 1.41 nm distances between
individual layers. This distance is in line with the UTL structure.
We analysed the composition of the sample Si4 by EDX. The
sample has a Si/Ge ratio of 481. This is an interesting result
because D4R-containing zeolites or any extra-large pore zeolite
with such a high Si content are seldom prepared without any
hetero-element (such as Ge) or fluorides.**
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Fig. 10 STEM image of the reconstructed UTL sample Si4.

3.6 Tuning the textural properties

Regardless of their elemental composition, all the UTL samples
that were reconstructed in this study had lower micropore
volumes, ranging from 0.11 to 0.15 em® g, than their parent
UTL sample (0.25 em® g~'). Their lower pore volumes stem
from their decreased crystallinity inflicted during the intercalation
of the samples with TBA”. The IPC-1TBA crystal shown in Fig. 11 is
severely damaged after intercalation because the treatment
resulted in formation of defects and mesopores in the crystal.
However, this is not necessarily a disadvantage of the method as
the formation of defects may be beneficial because mesopores can
enhance diffusion in catalytic applications.*!

The high pH of the treatment solution causes etching but is
needed for TBA" intercalation. Under optimal conditions, inter-
calation would proceed at the lowest pH possible to minimise the
damage to the crystals, albeit high enough to support TBA™
intercalation. To find the optimal conditions, we intercalated
IPC-1P with 40, 20, 10, 5 and 2% TBAOH solutions and monitored
the position of the 200 diffraction (Fig. 12). The position of

Fig. 11 TEM image of the damaged IPC-1TBA sample crystal
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Fig. 12 Powder XRD patterns of IPC-1P samples intercalated with TBAOH
of varying concentrations.

200 peak in the samples treated with 40, 20 and 10% TBAOH
was identified at 6.37°. The powder XRD pattern of the sample
treated with 5% TBAOH also contained a peak at 6.37° but
another, minor diffraction appeared at 7.67°. Treatment with
2% TBAOH resulted in three diffractions at 6.37, 7.67 and 8.4°,
indicating incomplete intercalation. In summary, 5% is the
minimum TBAOH concentration required for successful TBA"
intercalation into IPC-1P.

We reconstructed all samples with 1:1 Si: Ge, including the
sample treated with a 2% TBAOH, and subsequently char-
acterised them by adsorption. All isotherms showed large
adsorbed amounts at a relative pressure bellow 0.1 (Fig. 13) -
filling of micropores. At higher pressures, the intake decreased
in all samples; however, the flat plateau obsetved in the parent

Parent UTL
400 {rec Si-Ge (20%)
rec Si-Ge (10%)

rec <
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o

o
1
5

oo
o s s Rge
200 4 F.,... n‘lon.ocmo-o-cvaoo‘_-co-acc'c{j 0 A : .r‘m

Volume adsorbed (cm®/g)

s

o

o
L

T T T
0.25 0.50 0.75
Relative Pressure (P/Po)

0.00

Fig. 13 Argon adsorption—desorption isotherms of reconstructed samples
previously intercalated with TBAOH of varying concentrations.
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UTL sample was not found, suggesting that the samples contain
not only micropore but also some mesopores. Nevertheless,
the slope of the isotherm above the relative pressure p/p, of
0.1 decreases with the decrease in the concentration of the
TBAOH solution. The lower hydroxide concentration mitigates
the damage and produces samples with fewer defects.

4. Conclusions

Until now, the ADOR method was limited to decreasing the
interlayer distance and, consequently, the pore size of the parent
zeolite during the process. In this study, we overcome this
limitation by intercalating organic species between IPC-1P layers
formed by UTL hydrolysis. TBAOH intercalation increases the
d-spacing to 1.41 nm, the distance of the original UTL structure.
The UTL structure is then restored using varying Si and Ge ratios
to rebuild the D4R units between the intercalated IPC-1P layers,
and the formation of D4Rs is promoted in the presence of an
optimal Ge content or fluoride ions. Moreover, the UTL zeolite can
also be restored using structurally more complex compounds,
such as cyclotetrasiloxanes or polyhedral silsesquioxanes. In
summary, the “Reverse ADOR” produces zeolites with a wide
range of various compositions, ranging from the common UTL
with a 7.5 Si/Ge to the new high-silica UTL with 481 Si/Ge.

While the intercalation treatment inherently causes the
formation of mesopores in the zeolite crystals, we can mitigate
its impact by tuning the treatment conditions. Furthermore,
these mesopores may, in turn, be advantageous in future catalytic
applications. Therefore, the “Reverse ADOR” method opens
up opportunities for incorporating other elements towards
producing novel zeolite-based catalysts.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors acknowledge the support of the Czech Science
Foundation to the project EXPRO (19-27551X) and OP VVV
“Excellent Research Teams”, project no. CZ.02.1.01/0.0/0.0/
15_003/0000417 - CUCAM. REM thanks the European Research
Council for the provision of an Advanced Grant (ADOR -
787073). The authors acknowledge Dr Michal Mazur (Charles
University) for the STEM imaging, Dr Martin Kub@ (Charles
University) for the Ar adsorption measurements, and Dr Carlos
V. Melo for editing the manuscript.

References

1] Cejka, H. van Bekkum, A. Corma and F. Schueth, Introduction
to Zeolite Molecular Sieves, Elsevier, Amsterdam, 2007.

2 J. Cejka, E. R. Morris and P. Nachtigall, Zeolites in Catalysis:
Properties and Applications, The Royal Society of Chemistry,
2017.

© 2021 The Author(s). Published by the Royal Society of Chemistry

w

=}

~l

-]

10

11

12

13

14

15

16

17

View Article Online

Materials Advances

W. Vermeiren and J. P. Gilson, Impact of zeolites on the
petroleum and petrochemical industry, Top. Catal., 2009,
52, 1131-1161.

J. Prech, P. Pizarro, D. P. Serrano and J. Cejka, From 3D to
2D zeolite catalytic materials, Chem. Soc. Rev., 2018, 47,
8263-8306.

T. Ennaert, J. Van Aelst, J. Dijkmans, R. De Clercq, W. Schutyser,
M. Dusselier, D. Verboekend and B. F. Sels, Potential and
challenges of zeolite chemistty in the catalytic conversion of
biomass, Chem. Soc. Rev., 2016, 45, 584-611.

P. Sudarsanam, E. Peeters, E. V. Makshina, V. L. Parvulescu
and B. F. Sels, Advances in porous and nanoscale catalysts
for viable biomass conversion, Chem. Soc. Rev., 2019, 48,
2366-2421.

E. Taarning, C. M. Osmundsen, X. Yang, B. Voss, S. L
Andersen and C. H. Christensen, Zeolite-catalyzed biomass
conversion to fuels and chemicals, Energy Environ. Sci.,
2011, 4, 793-804.

M. Shamzhy, M. Opanasenko, P. Concepcion and A. Martinez,
New trends in tailoring active sites in zeolite-based catalysts,
Chem. Soc. Rev., 2019, 48, 1095-1149.

L.-H. Chen, M.-H. Sun, Z. Wang, W. Yang, Z. Xie and
B.-L. Su, Hierarchically Structured Zeolites: From Design
to Application, Chem. Rev., 2020, 120, 11194-11294.

C. S. Cundy and P. A, Cox, The Hydrothermal Synthesis of
Zeolites: History and Development from the Earliest Days to
the Present Time, Chem. Rev., 2003, 103, 663-702.

J- Yu, Synthesis of Zeolites, in Studies in Surface Science and
Catalysis, ed. ]. éejka, H. van Bekkum, A. Corma and
F. Schiith, Elsevier, 2007, pp. 39-103.

P. ElidSova, M. Opanasenko, P. S. Wheatley, M. Shamzhy,
M. Mazur, P, Nachtigall, W. J. Roth, R. E. Morris and
J. Cejka, The ADOR mechanism for the synthesis of new
zeolites, Chem. Soc. Rev., 2015, 44, 7177-7206.

D. S. Firth, S. A. Morris, P. S. Wheatley, S. E. Russell,
A. M. Z. Slawin, D. M. Dawson, A. Mayoral, M. Opanasenko,
M. Polozij, J. Cejka, P. Nachtigall and R. E. Morris, Assembly-
Disassembly-Organization-Reassembly Synthesis of Zeolites
Based on cfi-Type Layers, Chem. Mater., 2017, 29, 5605-5611,
M. Opanasenko, M. Shamzhy, Y. Wang, W. Yan, P. Nachtigall
and J. Cejka, Synthesis and Post-Synthesis Transformation of
Germanosilicate Zeolites, Angew. Chem., Int. Ed., 2020, 59,
19380-19389.

C. ]. Heard, L. Grajciar, F. Uhlik, M. Shamzhy, M. Opanasenko,
J. Cejka and P. Nachtigall, Zeolite (In)Stability under Aqueous or
Steaming Conditions, Adv. Mater., 2020, 32, 2003264.

W. ]. Roth, O. V. Shvets, M. Shamzhy, P. Chlubna, M. Kubu,
P. Nachtigall and J. Cejka, Postsynthesis Transformation of
Three-Dimensional Framework into a Lamellar Zeolite with
Modifiable Architecture, /. Am. Chem. Soc., 2011, 133,
6130-6133.

W. ]. Roth, P. Nachtigall, R. E. Morris, P, S. Wheatley, V. R.
Seymour, S. E. Ashbrook, P. Chlubna, L. Grajciar, M. Polozij,
A. Zukal, O. Shvets and J. Cejka, A family of zeolites with
controlled pore size prepared using a top-down method,
Nat. Chem., 2013, 5, 628-633.

Mater, Adv., 2021, 2, 3862-3870 | 3869



Open Access Article. Published on 02 April 2021. Downloaded on 6/25/2021 11:48:20 AM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Materials Advances

18

19

20

21

22

23

24

25

26

27

28

29

30

P. S. Wheatley, P. Chlubna-Elidsova, H. Greer, W. Zhou,
V. R. Seymour, D. M. Dawson, S. E. Ashbrook, A. B. Pinar,
L. B. McCusker, M. Opanasenko, J. éejka and R. E. Morris,
Zeolites with Continuously Tuneable Porosity, Angew.
Chem., 2014, 126, 13426-13430.

S. A. Morris, G. P. M. Bignami, Y. Tian, M. Navarro, D. S.
Firth, J. éej ka, P. S. Wheatley, D. M. Dawson, W. A. Slawinski,
D. S. Wragg, R. E. Morris and S. E. Ashbrook, In situ solid-state
NMR and XRD studies of the ADOR process and the unusual
structure of zeolite IPC-6, Nat. Chem., 2017, 9, 1012-1018.

M. Mazur, P. S, Wheatley, M. Navarro, W. J. Roth, M. PoloZij,
A. Mayoral, P. Elidsova, P. Nachtigall, J. Cejka and R. E.
Morris, Synthesis of ‘unfeasible’ zeolites, Nat. Chem., 2016,
8, 58-62.

S. E. Henkelis, M. Mazur, C. M. Rice, P. S. Wheatley,
S. E. Ashbrook and R. E. Morris, Kinetics and Mechanism
of the Hydrolysis and Rearrangement Processes within the
Assembly-Disassembly-Organization-Reassembly Synthesis
of Zeolites, J. Am. Chem. Soc., 2019, 141, 4453-4459.

S. E. Henkelis, M. Mazur, C. M. Rice, G. P. M. Bignami,
P. S. Wheatley, S. E. Ashbrook, J. Cejka and R. E. Morris, A
procedure for identifying possible products in the assembly-
disassembly-organization-reassembly (ADOR) synthesis of
zeolites, Nat. Protoc., 2019, 14, 781-794.

H. Xu, J.-G. Jiang, B. Yang, L. Zhang, M. He and P. Wu, Post-
Synthesis Treatment gives Highly Stable Siliceous Zeolites
through the Isomorphous Substitution of Silicon for Ger-
manium in Germanosilicates, Angew. Chem., Int. Ed., 2014,
53, 1355-1359.

W. ]. Roth, W. Makowski, B. Marszalek, P. Michorczyk,
W. Skuza and B. Gil, Activity enhancement of zeolite
MCM-22 by interlayer expansion enabling higher Ce loading
and room temperature CO oxidation, J. Mater. Chem. A,
2014, 2, 15722-15725.

P. W, J. Ruan, L. Wang, L. Wu, Y. Wang, Y. Liu, W. Fan, M. He,
O. Terasaki and T. Tatsumi, Methodology for Synthesizing
Crystalline Metallosilicates with Expanded Pore Windows
Through Molecular Alkoxysilylation of Zeolitic Lamellar
Precursors, J. Am. Chem. Soc., 2008, 130, 8178-8187.

B. Yang, J.-G. Jiang, H. Xu, H. Wu and P. Wu, Synthesis of
Large-Pore ECNU-19 Material (12 x 8-R) via Interlayer-
Expansion of HUS-2 Lamellar Silicate, Chin. J. Chem.,
2018, 36, 227-232.

M. Mazur, P. Chlubna-Eliasova, W. J. Roth and J. Cejka,
Intercalation chemistry of layered zeolite precursor IPC-1P,
Catal. Today, 2014, 227, 37-44.

0. V. Shvets, A. Zukal, N. Kasian, N. Zilkova and J. Cejka,
The Role of Crystallization Parameters for the Synthesis of
Germanosilicate with UTL Topology, Chem. - Eur. J., 2008,
14, 10134-10140.

W. ]. Roth, Cation size effects in swelling of the layered
zeolite precursor MCM-22-P, Pol. . Chem., 2006, 80, 703-708.
P. Chlubna, W. J. Roth, A. Zukal, M. Kubu and J. Pavlatova,
Pillared MWW zeolites MCM-36 prepared by swelling

3870 | Mater Adv, 2021, 2, 3862-3870

31

32

33

34

35

36

37

38

39

40

41

42

43

44

©

View Article Online

Paper

MCM-22P in concentrated surfactant solutions, Catal.
Today, 2012, 179, 35-42.

M. Shamzhy, M. Mazur, M. Opanasenko, W. J. Roth and
J. Cejka, Swelling and pillaring of the layered precursor
IPC-1P: tiny details determine everything, Dalton Trans.,
2014, 43, 10548-10557.

M. Opanasenko, W. O. N. Parker, M. Shamzhy, E. Montanari,
M. Bellettato, M. Mazur, R. Millini and J. Cejka, Hierarchical
Hybrid Organic-Inorganic Materials with Tunable Textural
Properties Obtained Using Zeolitic-Layered Precursor, J. Am.
Chem. Soc., 2014, 136, 2511-2519.

C. Baerlocher and L. B. McCusker, in, Database of Zeolite
Structures, http://www.iza-structure.org/databases/.

W. J. Roth and ]J. C. Vartuli, Preparation of exfoliated
zeolites from layered precursors: The role of pH and nature
of intercalating media, in Nanoporous Materials Iii, ed.
A. Sayari and M. Jaroniec, 2002, pp. 273-279.

B. Gil, L. Mokrzycki, B. Sulikowski, Z. Olejniczak and
S. Walas, Desilication of ZSM-5 and ZSM-12 zeolites: Impact
on textural, acidic and catalytic properties, Catal. Today,
2010, 152, 24-32.

D. Verboekend and ]. Perez-Ramirez, Desilication Mechanism
Revisited: Highly Mesoporous All-Silica Zeolites Enabled
Through Pore-Directing Agents, Chem. - Eur. J., 2011, 17,
1137-1147.

M. Kubti, M. Opanasenko and M. Shamzy, Modification of
textural and acidic properties of SVR zeolite by desilication,
Catal. Today, 2014, 227, 26-32.

M. Kubii, M. Opanasenko and D. Vitvarova, Desilication of
SSZ-33 zeolite - Post-synthesis modification of textural and
acidic properties, Catal. Today, 2015, 243, 46-52.

T. Blasco, A. Corma, M. J. Diaz-Cabaias, F. Rey, ]. A. Vidal-
Moya and C. M. Zicovich-Wilson, Preferential Location of
Ge in the Double Four-Membered Ring Units of ITQ-7
Zeolite, J. Phys. Chem. B, 2002, 106, 2634-2642.

P. Kamakoti and T. A. Barckholtz, Role of Germanium in the
Formation of Double Four Rings in Zeolites, J. Phys. Chem.
C, 2007, 111, 3575-3583.

J. Jiang, J. L. Jorda, M. J. Diaz-Cabanas, . Yu and A. Corma,
The Synthesis of an Extra-Large-Pore Zeolite with Double
Three-Ring Building Units and a Low Framework Density,
Angew. Chem., Int. Ed., 2010, 49, 4986-4988.

A. Corma, M. ]. Diaz-Cabanas, ]. Jiang, M. Afeworki,
D. L. Dorset, S. L. Soled and K. G. Strohmaier, Extra-large
pore zeolite (ITQ-40) with the lowest framework density
containing double four- and double three-rings, Proc. Natl.
Acad. Sci. U. 8. A., 2010, 107, 13997-14002.

M. Fischer and L. Freymann, Local Distortions in a Proto-
typical Zeolite Framework Containing Double Four-Ring
Cages: The Role of Framework Composition and Organic
Guests**, ChemPhysChem, n/a.

D. Schneider, D. Mehlhorn, P. Zeigermann, J. Kirger and
R. Valiullin, Transport properties of hierarchical micro-
mesoporous materials, Chem. Soc. Rev., 2016, 45, 3439-3467.

2021 The Author(s). Published by the Royal Society of Chemistry



Publication 4:
Ondfrej Vesely, Michal Mazur, Jan Pfech, Jifi Cejka
Modified reverse ADOR assembles Al-rich UTL zeolite from IPC-1P layers
Inorganic Chemistry Frontiers, 9 (2022) 5444-5453
DOI: 10.1039/D2Ql01360F

Contribution: Synthesis of the parent UTL germanosilicate and hydrolysis to the IPC-1P, Intercalation
experiments, development and carrying out the reconstruction experiments, argon sorption
measurements, assistance with the Transmission Electron Microscopy imaging, catalytic experiments,
evaluation and interpretation of the data and writing of the manuscript.



INORGANIC CHEMISTRY 7 omsaeey

FRONTIERS

RESEARCH ARTICLE

Modified reverse ADOR assembles Al-rich UTL

'l) Check for updates ‘

zeolite from IPC-1P layers+t

Cite this: inorg. Chem. Front., 2022,
9, 5444

Ondfrej Vesely, 12 * Michal Mazur, Jan Piech and Jifi Cejka

Extra-large pore zeolites clear the way for the synthesis of fine chemicals and bulky compounds unable to
enter the channels of medium- and large-pore zeolites. However, such extra-large pore zeolites rarely
contain catalytically active elements and often show limited stability. In this study, we modified the Reverse
assembly—disassembly-organisation-reassembly (ADOR) process to prepare extra-large pore zeolite UTL
from layered IPC-1P while simultaneously incorporating a high amount of aluminium (reaching Si/Al = 15)
into the framework. Using this modified Reverse ADOR approach, we significantly reduced the synthesis
time of alumino-germanasilicate UTL from the 28 days needed for direct synthesis to only 24 hours for
reconstruction and 14 days in total. Furthermore, in the tetrahydropyranylation of 1-decanol over the recon-
structed UTL zeolite, directly synthesised UTL and commercial Beta zeolite, used as a reference, recon-
structed UTL provided conversion up to 61.4%, outperforming directly synthesised UTL and Beta with 14.8
and 0% conversion, respectively. The modified Reverse ADOR procedure enables us to introduce mesopor-
osity into zeolites, which further improves their catalytic performance by facilitating active site accessibility.
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1. Introduction

Zeolites are a group of microporous crystalline tectosilicates
whose crystal framework comprises tetrahedral units, with
silicon in their centre, connected through oxygen atoms in
their corners. Framework tetrahedra may also contain other
elements with suitable size and coordination, such as Al, Ge,
Ti, Fe or Sn, and some zeolite structures may even require a
heteroelement (B or Ge, among others) for their formation.'
These heteroelements introduce Brensted and/or Lewis acidity
into zeolites and affect their thermal/hydrothermal stability.
Trivalent elements (for example, Al’", Ga*', and Fe'") form
Bronsted acid sites,” whereas tetravalent elements with unoc-
cupied orbitals (Ti, Zr, Ge, and Sn, among others) provide
Lewis acid sites.’ Although the framework stability may
decrease in the presence of these substituting elements,
including B and Ge,"™ we may use this lability for post-syn-
thetic modifications.' Selectively removing these atoms creates
vacancies for introducing other catalytically active species."” ™

The Assembly-Disassembly-Organisation-Reassembly (ADOR)
process is a notable example of a post-synthetic transformation.
ADOR exploits weak spots in the structure of numerous germano-
silicate zeolites — Ge-rich double-four ring (D4R) units. Upon
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chemically selective hydrolysis of D4Rs, only Si-rich zeolitic layers
remain intact, but these layers may subsequently be reorganised
and reconnected to form new structures.'” As a case in point,
UTL germanosilicate,'""* the most widely studied zeolite in
ADOR, produces layered IPC-1P upon hydrolysis.”® These IPC-1P
layers can act as building blocks for new 3D zeolites."* ™

The ADOR transformation of UTL germanosilicate can yield
a whole family of new zeolites. The daughter materials consist
of the same layers connected by S4R units (OKO), oxygen
bridges (PCR) or combination of S4R and D4R (IPC-7) and S4R
and oxygen bridges (*PCS).">'*" In addition to that, shifting
the layers in crystallographic b-direction and connecting by
S4R or oxygen bridges produces structures with odd-numbered
rings (IPC-10 and 9, respectively).'® However, all aforemen-
tioned zeolites contain only large- or medium-size pores. In
other words, the ADOR transformation of UTL zeolites
decreases their pore size. The only exception to this rule is
IPC-7 in which some D4R units are preserved during the treat-
ment and the recently developed Reverse ADOR approach.'®"'®

Through Reverse ADOR, we can prepare UTL from layered
IPC-1P by expanding the layers through the intercalation of
cations, thus producing zeolites with extra-large pores (ie.,
larger than 12-ring pores) from layered precursors.'® In
addition, Ge atoms from the original positions in d4r units are
substituted for Si or other heteroatoms, which considerably
increases the hydrothermal stability of the UTL." Extra-large
pore zeolites are highly desirable®™*! because they can catalyse
the synthesis of fine chemicals, which are often bulky mole-
cules unable to penetrate into medium- and large-pore zeolite

This journal is © the Partner Organisations 2022
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catalysts. However, these extra-large pore zeolites, including
UTL zeolite, rarely contain catalytically active elements (e.g., Al,
Ga, Fe, and Ti). Several articles have reported the synthesis of
Al-, Ga- or Fe- containing UTL zeolites, but their content is
limited, and introducing these elements significantly prolongs
the synthesis time. For example, the introduction of alu-
minium extends the synthesis time of UTL from 8 (Al-free) to
28 (Si/Al = 44) days.***** As a result, the synthesis of the
alumino-germanosilicate UTL is much more tedious and
impractical than the synthesis of germanosilicate UTL. The
Reverse ADOR transforms an intercalated layered precursor to
the UTL zeolite with varying composition, however; previous
study focused only on the incorporation of Si and Ge.
Furthermore, the intercalation and reconstruction treatments
partially dissolved the precursor resulting in poor yields of
final zeolites."®

Considering the above, we aimed to overcome limitations of
the Reverse ADOR method preventing its wider use by improv-
ing the yields of the intercalated precursor IPC1-TBA and by
determining the appropriate conditions for incorporating cata-
Iytically active elements. For this purpose, we addressed the
following key questions: (i) What is the limit of heteroelement
incorporation and its variation as a function of the synthesis
conditions? (ii) How does heteroelement introduction alter the
properties of the final zeolite (e.g., crystallinity and textural
properties)? (iii) What are the advantages of a catalyst prepared
by Reverse ADOR process over the same catalyst prepared by
directly synthesis? To answer these questions, we incorporated
aluminium into the UTL framework and assessed the catalytic
activity of both Reverse ADOR- and directly synthesised UTL
zeolites in the tetrahydropyranylation reaction of 1-decanol,
using commercial BEA zeolite as a reference. In addition to
introducing mesoporosity into the zeolite, our modified
Reverse ADOR approach approximately halved the total syn-
thesis time, increased the aluminium content and thus the
concentration of active sites, and the resulting catalyst showed
enhanced mass transfer during catalysis, together with
increased reactant conversion rates and product yields.
Accordingly, this contribution reports another major step
forward in Reverse ADOR for the synthesis of aluminosilicate
or alumino-germanosilicate UTL zeolites.

2. Experimental

2.1. Synthesis of structure directing agents

The structure directing agent (SDA) for the preparation of ger-
manosilicate UTL, the 2,6-dimethyl-5-anizospiro[4.5]decane
(DMASD) bromide, was synthesized by mixing 60 mL of 1,4-
dibromobutane, 82.9 g of K,CO; and 500 mL of acetonitrile in
a round-bottom flask. Subsequently, 67 mL of 2,6-dimethyl-
piperidine was added dropwise, and the mixture was heated to
85 °C and kept refluxing overnight. Once the acetonitrile was
evaporated, the solid product was dissolved in ethanol. The in-
soluble fraction was filtered off and disposed of. The ethanol
extract was evaporated to create an almost saturated solution.

This journal is © the Partner Organisations 2022
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Then, the product was precipitated by adding diethyl ether,
and the solid product was filtered off, washed with diethyl
ether, and dried under vacuum overnight. The identity of the
SDA structure was confirmed by 'H NMR spectroscopy
(Fig. $17). This SDA was ion exchanged to the hydroxide form
using Ambersep 900(OH) ion exchange resin with a 2:1
SDA : resin w/w ratio.

The SDA for alumino-germanosilicate UTL, 7-ethyl-6-azo-
niaspiro[5.5]undecane (EASuD) bromide, was synthesized fol-
lowing a procedure similar to that used for 2,6-dimethyl-5-ani-
zosporo[4.5]decane, with 1,4-dibromopentane and 2-ethylpi-
peridine as the starting compounds. The structure of the SDA
was verified by "H NMR spectroscopy (Fig. $21). This SDA was
ion exchanged to the hydroxide form using the Ambersep 900
(OH) ion exchange resin with a 2 : 1 SDA : resin w/w ratio.

2.2. UTL synthesis

The germanosilicate UTL zeolite was prepared following a pro-
cedure described in the literature, using DMASD hydroxide as
the SDA.""”** The molar composition of the synthesis mixture
was 0.67 Si0;: 0.33 GeO,: 0.4 SDA: 33.3 H,0. Crystallization in
a 1000 mL stainless steel Parr autoclave at 175 °C for 6 days
with agitation (200 rpm) resulted in a product which was dried
and calcined in air at 550 °C for 6 hours with a ramp 1 °C
min~".

The alumino-germanosilicate UTL (“Al-UTL”) was prepared
following an analogous synthesis using EASuD hydroxide as
the SDA and aluminium hydroxide as the aluminium source.
The EASuD SDA facilitates aluminium incorporation into the
UTL, in contrast to the DMASD, which is more suitable for
preparation of pure germanosilicate UTL®** A synthesis
mixture with a molar composition of 1 Si0,:0.5 GeO,:0.012
Al;0;:0.4 SDA:33.3 H,O was placed into 90 mL Teflon lined
autoclave and heated under agitation at 175 °C for 28 days.
The recovered solid was dried and calcined in air at 550 °C for

6 hours with a ramp of 1 °C min™".

2.3. AI-UTL stabilisation

As-synthesized Al-UTL was stabilised according to a previously
published protocol to increase its hydrothermal stability.*® For
this purpose, 0.15 g of as-synthesized Al-UTL was mixed with
15 mL of 1.25 M HCI solution in ethanol (Sigma-Aldrich)
diluted to required concentration with pure ethanol (see
section 3.2.) and 33 mg of TEOS in a Teflon-lined autoclave.
The mixture was stirred for 15 min and then heated in the
closed autoclave to 175 °C for 24 hours under static con-
ditions. Subsequently, the solid was recovered by filtration,
dried at 60 °C, and then stirred in 15 mL of 1 M Al(NO;); solu-
tion at 80 °C for 24 hours. The sample was recovered by fil-
tration, dried at 60 °C, and calcined in air at 550 °C for
6 hours.

2.4. [IPC-1P preparation

Layered IPC-1P was prepared by calcined UTL zeolite hydro-
lysis. In a glass bottle, 250 mL of 1 M CH3;COOH was heated to
85 °C, adding 1 g of a freshly calcined UTL to the mixture.

Inorg. Chemn. Front., 2022, 9, 5444-5453 | 5445



Research Article

After 24 hours, the solid was recovered by filtration and
washed with a copious amount of distilled water. The product
was dried at 60 °C.

2.5. Intercalation

IPC-1P was mixed with an aqueous solution of tetrabutyl-
ammonium hydroxide (TBAOH) and colloidal silica (Ludox
AS-40) in varying ratios using 30 mL of the solution per 1 g of
IPC-1P. The mixture was stirred for 6 hours at room tempera-
ture. Subsequently, the solid was recovered by centrifugation,
washed with distilled water to neutral pH and dried at 60 °C
yielding intercalated IPC-1 (IPC-1TBA).

2.6. UTL reconstruction

For UTL reconstruction, 0.1 g of IPC-1TBA was added to a
25 mL, Teflon-lined steel autoclave, along with 5 mL of HCI
solution and diethoxydimethylsilane, germanium methoxide,
aluminium nitrate and ammonium fluoride, which were used
as sources of the respective elements. Exact composition for
individual samples is listed in Table S1.f UTL was recon-
structed at 170 °C for 20 hours. The solid was recovered by fil-
tration, washed with ethanol, and dried at 60 °C. TBA was
removed by calcination in air at 550 °C for 6 hours.

2.7. lon exchange

The samples were ion exchanged to their H' form by stirring
1 g of sample with 100 mL of a 0.5 M NH,NO, solution in
ethanol for 4 hours at room temperature. The solid was recov-
ered by centrifugation, and the procedure was repeated four
times. The exchanged samples were dried at 60 °C and sub-
sequently activated at 450 °C for 90 min.

2.8. Characterisation

Sample crystallinity was determined by X-ray powder diffrac-
tion (XRD) analysis on a Bruker D8 Advance diffractometer
equipped with a Linxeye XE-T detector in the Bragg-Brentano
geometry using Cu Ka (4 = 0.15406 nm) radiation. Data were
collected over the 2 ¢ range of 3-40° with 0.021° step size and
0.8 s time per step.

Sample morphology, structure and phase purity were ana-
lysed by scanning transmission electron microscopy (STEM)
under a JEOL NeoARM 200 F microscope equipped with a
Schottky-type field emission gun operated at an accelerating
voltage of 200 kV. Phase composition was investigated by EDX
mapping on an EX-37001 energy dispersive X-ray analyser. The
Si/Al molar ratios of the UTL samples were calculated as an
average Si/Al molar ratio by EDX analysis of four separate UTL
crystals for each sample. Microscope was aligned using a gold
nanoparticles sample as the standard to reach atomic resolu-
tion. STEM alignment involves the emission current optimi-
sation, the correction of the condenser lens aperture size and
position, and spherical aberration correction (using CEOS
ASCOR corrector) based on the structure of a Ronchigram.

Sample surface area, pore volume and pore size distribution
were determined from argon adsorption/desorption isotherms
measured on a Micromeritics 3Flex volumetric Surface Area

5446 | /Inorg Chem. Front, 2022, 9, 5444-5453
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Analyser at —186 °C. Before the measurements, the samples
were degassed on a Micromeritics Smart Vac Prep instrument
under vacuum at 250 °C (heating rate 1 °C min™) for 8 hours at
3 x 107> mmHg minimum pressure. The specific surface area
was evaluated using the BET method and adsorption data in the
relative pressure range from p/p, = 0.05 to p/p, = 0.25. The t-plot
method was applied to determine the volume of micropores
(Viic). The adsorbed amount at relative pressure p/p, = 0.98
reflects the total adsorption capacity (Vo). The pore size distri-
butions were calculated using the Horwath-Kawazoe method.

The concentration and type of acid sites were determined
by ammonia and pyridine adsorption, which were used as
probe molecules. The content of the adsorbed base was quan-
tified on an FTIR spectrometer Nicolet 6700 AEM equipped
with a DTGS detector, Prior to probe adsorption, the samples
were pressed into self-supporting wafers at a density of 10 mg
em? and evacuated in a quartz IR cell under vacuum (10" Pa)
at 450 °C for 2 hours. Pyridine adsorption proceeded at 150 °C
for 20 min at partial pressure 3 Torr, followed by 20 min eva-
cuation at 150 or 450 °C. The concentrations of Brensted and
Lewis acid sites in aluminosilicate samples were determined
from the integral intensities of individual bands characteristic
of pyridine on Brensted acid sites at 1545 em™" and of the
band of pyridine on Lewis acid sites at 1455 em™" and using
the molar absorption coefficients of ¢(B) = 1.67 + 0.1 cm
pmol ™ and &(L) = 2.22 + 0.1 cm pmol™*, respectively.*® The
spectra were recorded with a resolution of 4 em™" after collect-
ing 128 scans for each spectrum.

Solid-state *’Al NMR spectra were collected on a Bruker
Advance I1II HD spectrometer working with a 9.4 T standard-
bore superconducting magnet at a resonance frequency of
104.2 MHz using strong and short 1 ps pulses, with 1.5 s rep-
etition time and 4000 scans. The samples were packed into a
3.2 mm zirconia rotor and rotated at a MAS rate of 15 kHz
using a Bruker 3.2 mm HX CP-MAS probe.

2.9. Catalytic experiments: 1-decanol tetrahydropyranylation

The catalytic experiments were performed in liquid phase at an
atmospheric pressure at 60 °C in a three-neck 25 mL bottle
placed on a multi-experiment workstation Starfish™. The cata-
lyst was activated at 450 °C for 90 min before each experiment.
Typically, the reaction was performed using 50 mg of catalyst,
4.5 mmol of 1-decanol, 0.25 g of internal standard (mesitylene)
and 10 mL of 34-dihydro-2H-pyran in a two-neck vessel
equipped with a condenser and a thermometer.>” The reaction
was initiated by adding 1-decanol. Samples of the reaction
mixture were taken periodically and analysed on an Agilent
7890B GC gas chromatograph equipped with an autosampler,
an HP-5 column (30 m length, 0.320 mm diameter, and 0.25 pm
film thickness) and a flame ionization detector Scheme 1.

3. Results and discussion

In this study, we prepared alumino-germanosilicate UTL zeo-
lites using both direct hydrothermal synthesis (“Al-UTL”) and

This journal is © the Partner Organisations 2022
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Scheme 1 Tetrahydropyranylation of n-decanol.

the Reverse ADOR transformation. The Reverse ADOR process
consists of the hydrothermal synthesis of a parent germanosili-
cate UTL, UTL hydrolysis to the IPC-1P layered precursor,
IPC-1P intercalation with tetrabutylammonium hydroxide and
UTL reconstruction. The general route towards UTL zeolites is
depicted in Scheme 2 (“Re-UTL (X)"; X stands for the incorpor-
ated heteroelements).

3.1. Intercalation optimisation

The key step of the Reverse ADOR process is the intercalation
of tetrabutylammonium (TBA) cations in between IPC-1P
layers. The d-spacing of the IPC-1P layers (1.05 nm) does not
suffice for reconstructing D4R units in the interlayer space.
TBA cations increase the interlayer distance and produce an
IPC-1TBA precursor with a d-spacing similar to that of the
parent UTL zeolite (1.44 nm).'® This intercalation requires a
basic environment for the deprotonation of the silanol groups
on IPC-1P and for the separation of its layers. However, IPC-1P
layers gradually deteriorate under basic conditions, which pro-
motes the formation of defects, mesopores, and eventually

@ TBa

® Ge

& & CH,COOH

N HpM

causes the dissolution of the layers, thus accounting for the
poor yields of the intercalated material, IPC-1TBA.'® We coun-
tered this problem by adding colloidal silica (Ludox AS-40)
into the TBA solution. The silica saturated the solution with
silicate species, changing the chemical equilibrium and, there-
fore, slowing down the IPC-1P dissolution rate. The yields of
the final solid material, IPC-1TBA, increased proportionally to
the silica content up to 100% when using 20% w/w of the
silica in the solution (Fig. 1). The optimised intercalation pro-
duced IPC-1TBA with a d-spacing close to that of the UTL
zeolite in approximately 90-95% yields.

3.2. Aluminium incorporation

We demonstrated aluminium incorporation by Reverse ADOR
by reconstructing the UTL zeolite from IPC-1TBA using Si and
Al sources in a 3:1 Si: Al ratio (“Si: Al” stands for the ratio of
Si and Al sources used in the reconstruction; not to be con-
fused with the Si/Al molar ratio of the whole zeolite) and fluor-
ide anions to stabilise the D4Rs.'® The sample provided the

TBACH

UTL

DIRECT

SYNTHESIS

>

IPC-1P
IPC-1TBA
Si, A3, NH,F
Re-UTL (Al)
Si, A, Ge(MeO),

Re-UTL (Al+Ge)

Scheme 2 General scheme of the preparation of in Al-containing UTL samples through direct synthesis (Al-UTL) and Reverse ADCR (Re-UTL).
Framework heteroelements are depicted as coloured spheres (Al — green, Ge - orange); other framework elements (Si and O) are not depicted.
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Fig. 2 Powder XRD patterns of UTL zeolites reconstructed with varying
Si: Al ratios.

characteristic XRD reflections of the UTL structure at 6.16,
7.02, 7.38, 8.28, 9.60, 22.48 and 26.20 of 2 theta (Fig. 2).

To address the first research question (i), we probed the
limit of Al incorporation for fluoride-assisted Reverse ADOR by
gradually increasing the aluminium content in the reconstruc-
tion mixture to 3:1, 1:1, and 1:3 Si:Al and “Pure Al".
Increasing the aluminium content above Si: Al 1: 1 resulted in
a decline of crystallinity and the 200 reflection in samples
Si:Al 1:1 and 1:3 shifted to higher angles indicating that
some S4R connections exist in the samples. Nevertheless, all
samples showed high-angle reflections characteristic for the
UTL structure (Fig. 2) and no signs of competing phases.
However, complete aluminium incorporation into D4R units
appeared unlikely, especially in the “pure Al” sample because
aluminium would have to occupy more than four T-positions
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Table 1 Textural properties of UTL zeolites reconstructed with varying
aluminium content

BET(m® g ")  Sex (M*g™") Vir (em®g™")  Vigic (cm®g7")
UTL 506 32 0.25 0.22
3S8i:1A1 597 200 0.39 0.10
1Si: 1Al 528 168 0.34 0.10
18i:3A1 509 166 0.34 0.09
Pure Al 389 130 0.28 0.08

in D4R units, which violates the Loewenstein’s rule.*® Instead,
we theorised that aluminium either migrated to other frame-
work positions, formed extra-framework species, or failed to
incorporate into the zeolite altogether, forming a separate
phase.

While aluminium migration cannot be ruled out, incom-
plete aluminium incorporation is much more likely to occur,
as evidenced by textural properties of the samples. The micro-
pore volumes of reconstructed samples gradually decreased
with the increase in aluminium content from 0.10 to 0.08 cm®
g™ (Table 1 and Fig. S4f). This observation suggests that
increasing aluminium content results in an incomplete recon-
struction of D4R units. Hence, D4R units cannot be made
from aluminium alone.

The *’Al MAS NMR spectrum of the “pure Al” sample
revealed a significant portion of pentahedrally and octahed-
rally coordinated aluminium species, as shown by signals at 30
and 0 ppm (Fig. S31). Framework aluminium is typically tetra-
hedrally coordinated (60 ppm), but octahedrally coordinated
aluminium is also found in extra-framework species or alu-
minium oxide phases.*” Accordingly, a fraction of aluminium
does not incorporate into D4R positions of the UTL. For this
reason, we probed the phase purity and actual aluminium
content of “pure Al” UTL by STEM with EDX mapping.

STEM imaging of pure Al samples combined with EDX
mapping (Fig. 3) supported our hypothesis in revealing two
distinct phases, namely large flat crystals of the UTL (1)*" with
Si/Al = 17 and (2) an aluminium-rich phase (Fig. 3). These two
phases show that only a portion of the aluminium with Si/Al =
21 was incorporated into the zeolite. The excess aluminium
crystallized separately as the second phase. Altogether, the
presence of a second phase in these sample demonstrates that
Si/Al = 21 is the limit of aluminium incorporation into UTL.

STEM-EDX analysis of restored UTL showed the limit of alu-
minium incorporation into the UTL framework, but according
to the literature, the degree of incorporation of various
elements depends on the pH}."*" Therefore, pH optimisation
may further lower the limiting Si/Al ratio.

The experiments with UTL reconstruction under varying
PHCI values proved that the degree of incorporation depends
on pHCL We repeated the synthesis with an excess of the alu-

iThe term “pH” is commonly defined for aqueous solutions. However, UTL
reconstruction uses an anhydrous solution of HCI in ethanel, in which the pH is
not defined. Thus, we adopted the term pHCI equal to the negative logarithm of
the HCI concentration.
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Fig. 3 STEM image of "pure Al" reconstructed UTL (1) and side-phase (2) and EDX maps of Si (red) and Al (green).

Fig. 4 STEM images and Si (red) and Al (green) EDX maps of UTL samples reconstructed by fluoride-assisted Reverse ADOR under pHCl = 1 (A), 3
(B) and 5 (C).
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minium source (Si: Al 4:1) under pHCI = 1, 3 and 5 and ana-
lysed the samples by powder XRD and STEM-EDX. The powder
XRD (Fig. S5 and S67) verified that the samples possess the
UTL structure with varying degree of crystallinity. The resulting
STEM-EDX images (Fig. 4) revealed that all samples consisted
of flat UTL zeolite crystals and a small amount of the second,
aluminium-rich phase. The presence of the second phase con-
firms that aluminium incorporation reached the limit under
these conditions, i.e., the lower limit of the Si/Al ratio in UTL.
The Si/Al of UTL decreased from 21 at pHCI = —0.1 to 15 at
PHCI = 3. However, after increasing pHCI to 5, Si/Al increased
to 22 (Fig. 5), indicating that the degree of Al incorporation
peaks around pHCI = 3, which enables us to prepare UTL with
Si/Al = 15,

The textural properties of reconstructed UTL also varied
with the increase in the pHCI of the synthesis when using flu-
oride ions to stabilise the D4R units. The mean pore size of
the samples gradually decreased from 0.84 nm, typical for
UTL, to 0.69 nm (Fig. 6) when increasing pHCI from —0.1 to 5.
This decrease in mean pore size indicates that D4R units are
incompletely reconstructed at a higher pHCI and partly and
randomly substituted with smaller connecting units, such as
S4R, throughout the framework.

We did not observe such a change, nevertheless, when
using germanium to direct the reconstruction. Germanium-
assisted reconstruction (Si:Ge:Al 2:2:1) provided a consist-
ent mean pore size close to 0.84 nm under varying pHCL
Hence, the structure-directing ability of germanium is not sig-
nificantly affected by pHCI, but that of fluorides is, noticeably
declining with the increase in pHCIL.

On balance, aluminium incorporation by Reverse ADOR
provides UTL materials with an aluminium content as high as
Si/Al = 15, while direct synthesis yields UTL with Si/Al = 43.* In
addition, the synthesis time of reconstructed UTL is signifi-
cantly shorter than that of UTL prepared by direct synthesis.
UTL reconstruction from IPC-1TBA requires 24 hours and in

30 30
25d L 25
L ]
20 L 20
]
g
Il -
515 . -15%
< 1
10 4 T 10
. 1
5 & L E Ls
0 T T T T T T 0
0 1 2 3 4 5

pHCI

Fig. 5 Variation of aluminium content and Si/Al molar ratio of recon-
structed UTL as a function of acidity (expressed as pHCI).
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Fig. 6 Horwath-Kawazoe pore size distributions of UTL zeolites ((Si +
Ge) : Al 4 : 1) reconstructed under varying acidity.

total approximately 14 days when considering all other syn-
thesis steps (ie., parent UTL synthesis, hydrolysis to IPC-1P
and TBA intercalation). In contrast, the direct synthesis of Al-
UTL with Si/Al = 43 takes 28 days.

3.3. Catalytic activity

All samples prepared by Reverse ADOR outperformed Al-UTL
in catalytic tests when testing UTL zeolites (“Re-UTL (Al)” and
“Re-UTL (Al + Ge)” reconstructed vig the fluoride or germa-
nium routes, respectively) in the tetrahydropyranylation of
1-decanol and comparing their results with those of two
benchmark catalysts, namely zeolite BEA (CP814C Zeolyst, Si/
Al = 19) and stabilised AI-UTL prepared by direct synthesis
(Fig. 57, 58 and Table S2t). The conversion rates of 1-decanol
over Re-UTL (Al) and Re-UTL (Al + Ge) reached 41.1 and 45.6%
after 4 hours (Fig. 7), respectively, with 80% selectivity to the
tetrahydropyranylation product. In turn, directly synthesised
AI-UTL provided conversion rates of only 14.8%, and BEA
afforded no conversion under the same conditions. The high
conversion rates of Re-UTL samples mainly resulted from their
enhanced external surface area and mesopores, which boost
mass transfer during this reaction. Re-UTL (Al) and Re-UTL (Al
+ Ge) have an external surface of 138 and 180 m* g™ ', respect-
ively, while AI-UTL has 64 m?® g™* external surface. BEA also
has a large external surface of 170 m* g%, but its narrower
12-ring channels impede mass transfer during this reaction.

In addition to aluminium, germanium is also used for Re-
UTL (Al + Ge) reconstruction and has catalytic activity."***
We differentiated the catalytic activity of aluminium and ger-
manium sites by conducting catalytic tests on samples before
and after ion exchange to the proton form and measuring the
concentration of acid sites in both sets of samples by pyridine
adsorption combined with FTIR spectroscopy. By FTIR spec-
troscopy, no Brensted acid sites were identified in recon-
structed UTL samples prior to activation (Fig. 8), but activated
UTL samples revealed signals of Bronsted and Lewis acid sites
at 1545 cm™" and 1455 em™" in their FTIR spectra, respectively,
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Fig. 8 FTIR spectra of hydroxyl groups (A) and adsorbed pyridine (B) of the non-activated and activated reconstructed UTL zeolites.

with concentrations of Brensted acid sites of 21 and 25 pmol
g~' for Re-UTL (Al) and Re-UTL (Al + Ge), respectively
(Table S27).

1-Decanol conversion over non-activated Re-UTL (Al + Ge)
reached 61.4% (Fig. 7). Simultaneously, non-activated Re-UTL
(Al) provided no conversion, confirming that the catalytic
activity of non-activated Re-UTL (Al + Ge) stems solely from
germanium Lewis acid sites. Conversion decreased from 61.4
to 45.6% over Re-UTL (Al + Ge) after ion exchange due to
partial germanium leaching from framework position upon
ion exchange.

In summary, we compared the catalytic properties of recon-
structed UTL samples against commercially available zeolite
BEA and stabilised Al-UTL in the tetrahydropyranylation of
1-decanol. Since tetrahydropyranylation can be catalysed by
both aluminium and germanium sites, we tested both non-
activated and activated forms of each catalyst to discern the
effect of each type of catalytic site. We also modified the inter-

This journal is © the Partner Organisations 2022

calation step of the protocol by adding colloidal silica into the
mixture, which significantly increased the yields of the interca-
lated material. We subsequently performed the reconstruction
of UTL zeolites from layered IPC-1P in a controlled stepwise
approach following two routes, either fluoride- or germanium-
assisted paths. The fluoride route provided purely aluminosili-
cate UTL but was reliable only under highly acidic conditions
(pHCI < 1), which are less favourable to aluminium incorpor-
ation (Si/Al = 17). By contrast, the germanium-assisted route
was reliable even under near-neutral conditions, which are
more favourable to the incorporation of a high aluminium
content. The results showed a high amount of aluminium
incorporated into these reconstructed UTL zeolites, reaching
up to Si/Al = 15, the lowest Si/Al of any UTL reported thus far,*
and hence a high concentration of active sites. Non-activated
germanium-free reconstructed UTL was inactive, while germa-
nium-containing non-activated UTL showed 61.4% conversion
and 80% selectivity, outperforming stabilised Al-UTL, which
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reached only 14.8% conversion. Ion exchange increased con-
version over germanium-free reconstructed UTL to 45.6%, but
conversion over germanium-containing UTL decreased to
41.9%, most likely due to minor structural damage caused by
ion exchange.

4. Conclusions

Our modified Reverse ADOR protocol approximately halves
UTL synthesis time to 14 days in comparison to direct syn-
thesis. Moreover, in contrast to degermanation followed by
substitution with aluminium, modified Reverse ADOR proceeds
through 3D-2D-3D transformation, thereby increasing the
control over zeolite structure and active site location. These syn-
thesis conditions introduce mesoporosity into the zeolite,
enhancing mass transfer during catalysis and increasing reac-
tant conversion rates and product yields, as shown in the tetra-
hydropyranylation reaction of 1-decanol over Reverse ADOR-
and directly synthesised UTL zeolites, using commercial BEA
zeolite as a reference. Although we focused on aluminium incor-
poration into UTL because aluminium is the most common
framework heteroelement in zeolite catalysts, we believe that
this modified Reverse ADOR method can also enable us to
incorporate other T elements. Other T elements will require
different conditions, such as pHCI, for incorporation into the
zeolite framework, with necessarily different limiting Si/T ratios
as well. Nevertheless, this approach may be used as a universal
experimental paradigm for the incorporation of other elements
commonly found in zeolite frameworks.
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